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Abstract 
Residual feed intake (RFI) is a unique measure of feed efficiency (FE) and an 
alternative to traditional measures of gain:feed or feed conversion ratio. Residual 
feed intake is defined as the difference between the actual feed intake of a pig and 
its expected feed intake based on a given amount of growth and backfat. Therefore, 
selecting pigs for a low RFI (LRFI), results in a more feed efficient animal for a given 
rate of growth. Using lines of Yorkshire pigs divergently selected for RFI provides a 
unique research model to study the genetic and physiological factors defining FE 
differences in pigs and other livestock. Therefore, the objective of this dissertation 
was to partially explain the physiological differences defining FE gains seen in pigs 
divergently selected for RFI. More specifically, our objectives were to determine the 
extent to which apparent total tract digestibility (ATTD) of nutrients and energy, and 
their utilization and retention explain FE differences (Chapter 2). Additionally, we 
aimed to determine the extent to which whole body composition and tissue accretion 
rates explain differences in efficiency between pigs divergently selected for low or 
high RFI (Chapter 3). In both research Chapters, LRFI and high RFI (HRFI) gilts 
were selected from the 7th generation of the Iowa State University RFI selection 
project. All gilts were matched by age and live weight for both the Chapter 2 and 
Chapter 3 objectives (62±3 kg BW and 60±7 kg, respectively). The gilts used in the 
digestibility study were randomly assigned to metabolism crates, while the gilts in the 
body composition study were group-housed in pens equipped with FIRE feeders. All 
gilts had free access to water and a standard diet based on corn and soybean meal, 
with the feed in the digestibility study containing an exogenous digestibility marker. 
xii 
 
 
 
In the Chapter 2 digestibility study, total urine and feces were collected for 72 h and 
nutrient and energy digestibility and P and N balance were then measured and 
calculated to determine differences between the RFI lines. In Chapter 3, whole body 
compositions of both an initial (ISG) and a final (FSG) slaughter group was 
analyzed. Backfat ultrasound scans and initial body weights from the ISG and FSG, 
together with the ISG fat, protein, and ash whole body compositions were used in a 
regression analysis to estimate the initial body composition of the FSG gilts. 
Results from Chapter 2 showed that the digestibility coefficients for DM (87.3 
vs. 85.9%), N (88.3 vs. 86.1%), and GE (86.9 vs. 85.4%) were higher (P ≤ 0.003) in 
the LRFI versus HRFI gilts, respectively. The DE (16.59 vs. 16.32 MJ/kg DM) and 
ME (15.98 vs. 15.72 MJ/kg DM) values were also significantly greater (P = 0.0006) 
in the LRFI gilts. When adjusting for ADFI, P digestibility did not differ between the 
lines. However, the LRFI gilts tended to have improved N retention compared to 
HRFI gilts (P = 0.08; 36.9 vs. 32.1 g/d). Chapter 3 body composition indicated that 
the LRFI gilts in the FSG tended to have decreased total visceral weight (6.22 vs. 
6.49 kg, P = 0.09) compared to the HRFI gilts. Both ISG and FSG LRFI gilts had 
decreased whole body fat percentage (P ≤ 0.02) and GE of the body (cal/g, P ≤ 
0.0006) compared to the HRFI gilts. The FSG LRFI gilts also had an increase in 
whole body protein (%, P = 0.07) compared to their HRFI counterparts. LRFI gilts 
tended to have an increase in protein (P = 0.09) and water (P = 0.06) accretion, g/d, 
with a significant increase in ash accretion (g/d, P = 0.04) compared to their HRFI 
counterparts. Interestingly, we reported no differences in fat accretion between lines. 
In conclusion, the higher energy and nutrient digestibility, utilization, and retention 
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may partially explain the superior FE, while the data indicating differences in body 
composition and tissue accretion rates may partially explain the genetic variation 
seen in pigs selected for LRFI. 
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Chapter 1.  Literature Review 
 
Importance and quantification of feed efficiency 
   Improving feed efficiency (FE) is a major objective in livestock production 
due to the rising costs of feed and the need to enhance overall production efficiency 
and profitability. Additionally, new technologies are needed to boost efficient and 
sustainable food production to help feed the world’s growing population on limited 
resources. Thus, FE is closely related to profitability, economics, sustainability and 
the environment. Feed efficiency is not a directly measureable trait per se, but a 
ratio; however, it is typically used to describe variation in weight gain with respect to 
feed input (Koch et al., 1963; 
Herd et al., 2004). The 
traditional measurements of FE 
include the ratios gain:feed or 
feed:gain (feed conversion 
ratio, FCR). Currently, the ADG 
of commercially group-housed 
finisher pigs is 0.80-0.98 kg/d 
(1.75-2.15 lbs/d) (van Heugten, 
2010). However, the ADG of 
individually housed finisher 
pigs, in clean research environments, can significantly increase to approximately 1.5 
Figure 1.1. Time trends of feed conversion ratio in grower-
finisher pigs as recorded in public commercial product 
evaluation trials. Adapted from Knap and Wang (2012). 
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kg/d (Kil et al., 2011). Due to the economic importance of FE and the increased 
pressure for selection of lean carcasses, FCR has decreased over the last 35 years 
from 3.0-3.6 to 2.6-3.3 (Figure 1.1) (Knap and Wang, 2012).  
Feed efficiency and FCR in growing pigs can be affected by many variables 
such as gender, genotype, growth, lactation, pregnancy, diet and other 
environmental factors. Further, the composition of an animal’s gain can vary 
dramatically due to the amount of energy and protein being utilized and retained. 
Feed delivers different amounts of nutrient energy, depending on its variation in 
composition, as well as an animal’s capacity and efficiency to digestion, absorption, 
assimilate and metabolize these nutrients and energy. Therefore, it is almost 
impossible, by simple measures of weight, weight gain and feed intake, to reliably 
achieve an understanding of sources of variation in efficiency (Herd et al., 2004).  An 
alternative to the simple ratio measures of FE that may account for these variables is 
residual feed intake (RFI). 
 
Residual feed intake (RFI) 
Feed intake (FI) is genetically related to the economically important 
production traits of growth and backfat (Cai et al., 2008).  These production traits 
only account for approximately 36 to 64% of the variation in feed intake (Luiting, 
1990). This unaccounted portion of variation is referred to as RFI. Residual feed 
intake can also be defined as the difference between the actual FI of an animal and 
that theoretically required for maintenance and growth (Gilbert et al., 2007; Young 
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and Dekkers, 2012). This is a newer alternative for measuring FE that has been 
used in cattle (Arthur et al., 2001; Nkrumah et al., 2007b), laying hens (Luiting and 
Urff, 1991), pigs (Gilbert et al., 2007; Cai et al., 2008), and fish (Grima et al., 2008). 
Residual feed intake can be calculated several different ways by adjusting FI for 
ADG (Johnson et al., 1999; Hoque et al., 2009), ADG and backfat (BF) (Gilbert et 
al., 2007; Cai et al., 2008; Hoque et al., 2009); ADG, loin muscle content, and 
metabolic body weight (Gilbert et al., 2007); ADG and loin eye area (LEA) or ADG, 
BF and LEA (Hoque et al., 2009) in order to only account for the variation in FI 
unrelated to production traits. Therefore, animals with a low RFI, or a negative 
deviation from the mean FI required for maintenance and growth, are most 
desirable. These low RFI animals are more efficient in utilizing feed (nutrients and 
energy) for maintenance and lean growth. Alternatively, high RFI animals are less 
efficient, and, in swine, have higher heat production (Barea et al., 2010) and greater 
BF (Boddicker et al., 2011) when compared to low RFI pigs. 
Interestingly, from a genetic standpoint, RFI has a low to moderate heritability 
(h2 = 0.11-0.17) in swine and should respond to selection without adversely affecting 
ADG (Johnson et al., 1999). Because RFI is heritable, selection for low RFI can 
significantly decrease the amount of FI required for a given rate of growth and BF 
(Cai et al., 2008). Thus, pigs selected for low RFI are more feed efficient, but one 
needs to understand the impact this selection has on growth rates, reproduction and 
meat quality. Knap and Wang (2012) stated that any system genetically selected to 
be more efficient has a strong tendency to be more sensitive as a side effect. This 
has become evident by two separate RFI selection projects (Dekkers and Gilbert, 
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2010), where selection for a low RFI pig resulted in correlated responses of behavior 
traits, muscle physiology and meat quality traits (Knap and Wang, 2012). 
  
Biological factors that contribute to the variation in feed efficiency 
 While it is known that the key factors contributing to differences in FE and RFI 
are similar across different breeds and species due to selection for similar genetic 
parameters and production traits, the underlying physiological and molecular 
mechanisms are poorly described. However, the main biological factors that 
contribute to differences in RFI 
have only been partially 
quantified in poultry (Luiting, 
1990), pigs (Barea et al., 2010), 
and beef cattle (Richardson and 
Herd, 2004).  These key factors 
have been summarized and can 
include physical activity, FI 
patterns and behavior, stress, 
body composition, nutrient 
digestibility, protein turnover, and metabolism (Richardson and Herd, 2004; Herd 
and Arthur, 2009). Biologically, these can all contribute to the variation associated 
with FE and RFI, and determine the net FE that is independent of body weight and 
BF. Richardson and Herd (2004) reported that these key factors account for 
Figure 1.2. Contributions of biological mechanisms to 
variation in residual feed intake divergently selected 
cattle (Richardson and Herd, 2004). 
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approximately 75% of variation in RFI in beef cattle (Figure 1.2). It has also been 
shown that, when comparing wild-feral type pigs to leaner, commercially bred 
breeds, the variability in residual metabolizable energy intake (RMEI) between 
breeds is in part due to physical activity, locomotion, eating, aggressive and stress-
related behavior (Lepron et al., 2007). The RMEI describes the difference between 
metabolizable energy (ME) intake and predicted production and maintenance ME 
requirements.  
 
 Digestibility, amino acids and energy nutrition. Richardson and Herd (2004), 
reported that nutrient digestibility factor accounts for approximately 10% of the 
variation in RFI in beef 
cattle. However, 
recent studies on pigs 
divergently selected 
for low or high RFI 
have indicated that 
differences in 
digestibility do not 
account for much of 
this variation (Barea et 
al., 2010). The French 
National Institute for 
Agricultural Research (INRA) RFI pig selection project have reported no differences 
Figure 1.3. Traditional view of energy systems using a highly 
digestible diet typical of that used in North American in the late 20
th
 
century. Adapted from Ewan, (2001); Oresanya, (2005). 
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in the digestibility coefficients for organic matter, DM, N, P or energy. However, there 
was a 2.3% increase in the ash digestibility coefficient in their high RFI line, 
compared to the low RFI pigs.  
 The amount of energy intake, and the energy utilization thereafter, can also 
contribute to the variation in RFI in livestock. Low RFI pigs have been shown to have 
a lower gross energy (GE) intake, the total energy in a feed or ingredient (Figure 
1.3), than their high RFI counterparts (Boddicker et al., 2011; Young et al., 2011). 
Changes in digestible energy (DE) or metabolizable energy (ME) could potentially 
point to differences in digestion, absorption, and utilization of energy for 
maintenance and production. Digestible energy corrects for energy that is not 
absorbed by the pig and is excreted in fecal matter. Metabolizable energy goes even 
further, as it adjusts DE for the loss of energy from voided urine and gases 
(Patience, 2012). Lastly, net energy (NE) adjusts ME for loss of energy due to heat 
production, leaving energy available for maintenance and growth or production 
purposes (Figure 1.3). Interestingly, Barea et al. (2010) reported no significant 
differences in DE, ME, or NE utilization between high and low RFI pigs when 
adjusting for FI. 
  Utilization of amino acids for protein deposition can also be a factor when 
considering potential differences in FE due to digestion, absorption, and post-
absorptive metabolism, as protein deposition is closely associated with lean growth, 
FE, and carcass quality (NRC, 2012). As represented by Figure 1.4, boars have a 
higher mean protein deposition than either gilts or barrows and are capable of 
maintaining high rates of protein deposition along with higher body weights (de 
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Lange et al., 2012). An animal unable to efficiently utilize available amino acids, after 
maintenance amino acid requirements are met for amino acid retention in protein 
deposition, can be 
attributed to amino 
acid catabolism 
(Moughan, 1999). In 
terms of FE, an 
increase in amino 
acid catabolism can 
cause an increase in 
FI, a decrease in 
protein to lipid ratio 
deposition, as well as an overall decrease in FE. 
Pigs with higher lean tissue accretion and G:F can have greater efficiency in 
utilizing dietary nutrients and energy (Morales et al., 2002; Rivera-Ferre et al., 2006; 
Barea et al., 2011). Rivera-Ferre et al. (2006) suggested that the difference in N 
digestibility and retention is a result of the leaner, faster growing genotype pigs 
having a greater capacity for protein synthesis and deposition than indigenous-type 
breeds, such as Iberians. Zitnan et al. (2008) also reported that the higher growth 
potential and protein deposition seen in lean-type breeds of cattle may be due to 
improved absorptive capacity in the form of increased villi length in the  duodenum 
and proximal jejunum. Interestingly, it has been shown that higher protein deposition 
pig genotypes are associated with a lower rate of digesta passage and greater 
Figure 1.4. Typical whole body protein deposition curves in barrows, 
gilts and entire male pigs according to NRC (2012). 
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nutrient and energy digestibility (Varel et al., 1988; Ly et al., 1998). This greater 
nutrient and energy digestibility could be a result of increased microflora and 
digestive enzymes function and activities in the gastrointestinal tract. Coupled with a 
higher retention time in the hindgut, increased gastrointestinal tract activity may 
contribute to the differences in nutrient digestibility and absorption seen between 
indigenous and lean-type pigs when adjusted for a similar FI (Kemp et al., 1991; 
Freire et al., 2003).  
 
Body composition. In beef cattle, body composition has been shown to 
account for 5% of the variation in RFI (Richardson and Herd, 2004). Interestingly, 
Boddicker et al. (2011) tended to find difference in the carcass composition traits 
between  divergently selected low RFI and the randomly selected high RFI Yorkshire 
pigs fed at either ad libitum, restricted, or maintenance levels, noting that these 
results are based on half carcass composition and not the whole body. However, 
these low RFI pigs averaged 0.36 kg lower total visceral weight and had a greater 
dressing percentage. Thus, it is thought that maintenance energy differences may 
partially explain the increase in FE seen in low RFI pigs, as visceral organs are 
known to have high maintenance requirements. This agrees with work by Koong et 
al. (1982; 1983; 1985) who reported positive correlations between energy 
expenditure and the size of metabolically active organs in animals of similar weight 
and differing FI. In relation to metabolic organs, Koong et al. (1982; 1983; 1985) also 
states that even though they only represent 10% of an animal’s body weight, they 
actually account for over 50% of the total heat expenditure of the animal. In 
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concurrence, Barea et al. (2010), using their lines of divergently selected RFI pigs, 
showed that high RFI pigs had significantly higher heat production, indicating an 
increase in energy expenditure and potentially an increase in the size of 
metabolically active organs. The energy expenditure results agree with Sadler et al. 
(2011), who observed that low RFI pigs were less active, and Young et al. (2011), 
who observed that low RFI pigs visited their feeders less often and spent less time in 
their feeders overall when compared to high RFI pigs. This overall indicates a 
decrease in physical energy expenditure in the low RFI pigs. Further, Gomez et al. 
(2002) reported that pigs fed an ideal amino acid supplemented diet had a reduction 
in organ weights, which they suggested allowed less energy to be required for 
maintenance purposes. They further speculated that the reduction in energy 
expenditure may have increased the energy available for production at the tissue 
level. 
As pigs selected for low RFI have shown to have a decrease in energy 
expenditure and FI (Barea et al., 2010; Boddicker et al., 2011; Young et al., 2011), 
there is a need to understand how these pigs are capable of similar growth rates, 
decreased BF, and greater FE compared to the high RFI lines. Growing gilts that 
had a decrease in lean tissue content, also had an increase in ADFI (Bikker et al., 
1995). In concurrence, Boddicker et al. (2011) also showed a trend for their low RFI 
line to have less carcass water content, slightly higher protein, and reduced fat,  to 
the randomly selected control line. Furthermore, low RFI pigs had significantly less 
carcass energy relative to the control pigs, which represents their tendency to have 
reduced carcass fat. Nutrient digestibility and retention may be a key factor in 
10 
 
 
 
understanding the body composition of RFI pigs, as N digestibility and retention may 
be indicative of a greater capacity for protein synthesis and deposition (Rivera-Ferre 
et al., 2006). Animals lacking efficiency in protein digestion and absorption may also 
have an increase in body lipid due to a lesser amount of amino acids being 
deaminated, allowing extra energy to be deposited in adipose tissue (Brudevold and 
Southern, 1994; Kerr and Easter, 1995; Ward and Southern, 1995). Overall, this 
leads to an interest in levels of protein synthesis and degradation and ion pumps, 
such as Na+, K+-ATPase, that may contribute to an increase in lean deposition in 
pigs. 
Protein turnover. Protein turnover and tissue metabolism are estimated to 
account for 37% of variation in RFI in beef cattle (Richardson and Herd, 2004). 
While, 27% of variation was stated as ‘other’, which can include ion pumps such as 
Na+, K+-ATPase pumps. Protein turnover is based on the independent roles and 
regulation of protein degradation and synthesis, which is known to be energetically 
expensive and accounted for 19% of the increase in ATP expenditure in sheep (Gill 
et al., 1989). Protein degradation pathways, such as the µ- and m-calpain and 
calpastatin system and the ubiquitin-proteasome pathway, can play a role in FE and 
are known to contribute to protein turnover through protein degradation in muscle 
(Smith and Dodd, 2007).  In the ubiquitin-proteasome pathway (Figure 1.5), proteins 
selected for degradation are polyubiquitinated, tagged in an ATP dependent manner, 
and then presented to the 26S proteasome where proteolysis occurs. The 20S 
subunit is the catalytic core of the 26S proteasome with two 19S regulatory caps. 
The 20S core is where proteins are degraded and the 19S regulatory caps have 
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multiple ATPase active sites and ubiquitin binding sites to recognize poly-
ubiquinated proteins to be transferred to the catalytic core (Voges et al., 1999).  
Alternatively, calpastatin inhibits the calpain system from degrading proteins 
of larger myofibrillar proteins. Desmin, an intermediate filament that links adjacent 
myofibrils, can also undergo 
rapid proteolysis. This system 
primarily breaks down 
structural proteins, which are 
further degraded to small 
peptide fragments and free 
amino acids by the ubiquitin-
proteasome system. Since 
postmortem protein 
degradation is what creates 
tender meat, increases in 
calpastatin activity and intact 
desmin indicate a decrease in 
meat tenderness. Low RFI pigs have been shown to have higher calpastatin activity 
in the loin muscle and intact desmin has been shown to have a negative correlation 
with RFI (Smith et al., 2011). Although Smith et al. (2011) found a positive 
correlation with RFI and tenderness, which indicates that a higher RFI value equals 
more tender meat, and a negative correlation between star probe and RFI, no 
differences in palatability and taste were reported. Overall, this data indicates that 
Figure 1.5. Schematic representation of the Ubiquitin-
proteasome pathway. The target protein is first conjugated 
to Ubiquitin chains involving the Ubiquitin-activation 
enzyme E1, the Ubiquitin-carrier protein E2, and the 
Ubiquitin ligase E3. After or during degradation by the 26S 
proteasome, the Ubiquitin chain is released from the target 
protein remnant, and the free Ubiquitin chain is 
disassembled by deubiquinating enzymes UCHs and 
UBPs (Voges et al., 1999). 
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selection for low RFI can result in reduced protein degradation and turnover; 
however, protein synthesis pathways in the context of RFI and FE in livestock have 
been poorly characterized.    
The biological pathway behind translation initiation, protein synthesis and 
muscle growth has been well characterized in pigs (Jeyapalan et al., 2007) and 
involves the activation of mammalian target of rapamycin (mTOR) pathway (Hay and 
Sonenberg, 2004). Acute regulation of protein synthesis via mTOR (Figure 1.6) is 
achieved through changes in the rate of translation of mRNA to protein via 
alterations in peptide chain initiation and elongation. A central mediator of this 
process is the master regulatory kinase, mTOR. This kinase acts as a cellular 
“sensor” by integrating cues from nutrients and growth factors to become the central 
connection point for cellular signals to 
control growth, metabolism and longevity. 
In this manner, mTOR is capable of 
integrating amino acid and hormone fluxes 
with cellular protein synthesis, 
independent of degradation pathways. 
The activation and phosphorylation of 
mTOR on Ser (2448) results in the parallel 
phosphorylation and activation of two key 
mediators, protein 70 S6 kinase at Thr 
(389) and eukaryotic initiation factor 4E-
binding protein at Thr (37). The activation of these two key mediators increases 
Figure 1.6. Model of mTOR-raptor 
interaction with mitochondria. An increase in 
mTOR-raptor association augments 
mitochondrial function through an S6K1- 
and 4E-BP1-Independent pathway (Schieke 
et al., 2006). 
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translation initiation which then increases protein synthesis, cell growth and 
proliferation (Schieke et al., 2006; Gazzaneo et al., 2011). After a meal, as insulin-
signaling increases and the amount of amino acids absorbed increases, mTOR is 
activated, causing an increase in mRNA translation and thus an increase in 
fractional protein synthesis (Kimball et al., 2000). However, in pigs, during stress or 
when challenged with an endotoxin such as lipopolysaccharide, it has been shown 
that the relative phosphorylation of mTOR at Ser (2448) is decreased by 51% in 
skeletal muscle and enhanced by 83% in the liver when compared to non-
challenged pigs (Kimball et al., 2003).  Overall, these data indicate that mRNA 
translation initiation and protein synthesis is directly regulated through mTOR by 
changes in hormone concentrations, amino acid and energy availability and health 
or stress exposure.  
Altogether, a decrease in protein degradation, via the calpain and ubiquitin-
proteasome systems, while either maintaining or increasing protein synthesis, via 
mTOR, can lead to a change in protein turnover. A decrease in overall protein 
turnover creates an increase in protein deposition, leading to a leaner animal. 
Having a significant decrease in protein turnover can partially explain the increased 
efficiency seen in low RFI or highly feed efficient animals. 
 
Metabolism and oxidative stress. Ion pumps, such as Na+, K+-ATPase pumps, 
participate in the maintenance of cellular ionic homeostasis, ion transport and 
maintaining membrane potentials (Milligan and McBride, 1985). These pumps are 
driven by energy and involve the utilization of 1 ATP for every 3 Na+ extruded from 
14 
 
 
 
the cell and 2 K+ pumped into the cell (Mandel and Balaban, 1981) (Figure 1.7). The 
support of Na+, K+-ATPase accounts for 20% or more of the total in vitro energy 
expenditure in a variety of tissues (Milligan and McBride, 1985). The activity of the 
Na+, K+-ATPase pump can be influenced by the concentration of extracellular amino 
acids available for transport across the plasma membrane and their eventual use in 
cellular metabolism. Since dietary protein concentration influences the concentration 
of amino acids in the plasma and 
tissues, Na+, K+-ATPase activity can 
be influenced and this activity can be 
related to the rate of protein 
synthesis (Adeola et al., 1989). An 
increase in Na+, K+-ATPase 
therefore indicates an increase in 
energy expenditure and a decrease 
in efficiency. Gill et al. (1989) 
reported the main sources of Na+, 
K+-transport to lie in the gastrointestinal tract and the liver in growing lambs (44 vs. 
20%, respectively). Overall, an increase in Na+, K+-ATPase activity, along with an 
increase in FI, could indicate an increase in energy expenditure, therefore creating a 
less feed efficient animal. 
The mitochondria are responsible for producing 90% of the energy (ATP) of 
the cell. The respiratory chain/oxidative phosphorylation system of the inner 
mitochondria membrane consists of four multi-protein complexes (I to IV) and 
Figure 1.7. Sodium-potassium pumps use ATP to 
pump Na
+
 out of the cell and K
+
 into the cell 
against a concentration gradient (Solomon et al., 
2001). 
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adenosine triphosphate (ATP) synthase (Complex V). Electrons enter the electron 
transport chain (ETC) from nicotinamide adenine dinucleotide, reduced (NADH) or 
flavine adenine dinucleotide, reduced (FADH2) linked substrates at complex I and 
complex II, respectively. Electron movement down the ETC to the terminal electron 
acceptor, oxygen (O2), is coupled to the proton (H
+) pumping from the matrix to the 
intermembrane space. The resulting membrane potential drives ATP synthesis (ADP 
+ Pi → ATP) as protons move 
back through the ATP 
synthase (Figure 1.8). 
Mitochondrial inefficiency can 
occur as a result of electron 
leakage from the respiratory 
chain and this increases 
energy expenditure, causing a 
less efficient animal.  
Electron leakage 
occurs from oxygen not being 
completely reduced to water. 
Instead, 2 to 4% of oxygen 
consumed by mitochondria 
can be incompletely reduced to reactive oxygen species (ROS), such as 
superoxides and H2O2, due to univalent reduction of oxygen by electrons. The 
mitochondrial formation of ROS can make this organelle a major source of oxidative 
Figure 1.8. Schematic representation of the respiratory 
chain showing the 5 multi-protein complexes (complex I to V) 
and the number of subunits encoded by the 
nuclear/mitochondrial DNA. Electrons (e
-
) entering the 
electron transport chain at either complex I or II flow down 
the electron transport chain to the terminal electron acceptor, 
oxygen. The flow is accompanied by pumping protons (H
+
) 
into the intermembrane space, setting up a proton motive 
force that drives ATP synthesis when protons flow back into 
the mitochondrial matrix through ATP synthase (complex 5). 
Cyt c = cytochrome c. (Bottje and Carstens, 2009). 
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stress and inflammation in the cell, in which, if left unchecked, will cause a decrease 
in metabolic efficiencies. If not metabolized by antioxidants, ROS can cause 
oxidation of critical biomolecules (lipids, DNA, proteins) in the mitochondrion or other 
parts of the cell, which can lead to further inefficiencies and lead to an increase in 
ROS production (Bottje et al., 2006). Bottje and Carstens (2009) have previously 
shown a general decrease in all ETC complex activities in the muscle, liver and 
duodenal mitochondria in broilers with a decreased FE, which indicates that 
mitochondrial function could be compromised. Ojano-Dirain et al. (2007) have also 
shown an increase in hydrogen peroxide production in duodenal mitochondria 
obtained from broiler chickens with low FE, which indicates greater electron leakage 
in comparison to their high FE counterparts.  
 
 Feeding pattern and physical activity. Richardson and Herd (2004) stated that 
feeding patterns and physical activity account for 2 and 10% of the variation seen in 
RFI, respectively. Low RFI pigs have been known to visit their feeders less often and 
spend less time in their feeders compared to control pigs (Young et al., 2011). 
Nkrumah et al. (2007a) showed similar findings in cattle differing in RFI. Steers 
selected for low RFI had fewer visits and spent less time at the feed bunk than 
steers with higher RFI. 
 Meishan pigs have been shown to have a lower RMEI than Large White pigs 
(Lepron et al., 2007). The RMEI is the difference between metabolizable energy 
intake and predicted production and maintenance requirements, which is similar to 
RFI. Physical activity was shown to be the most influential behavioral trait with 
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regard to RMEI. This is similar to studies with RFI in pigs as shown by Sadler et al. 
(2011) and Young et al. (2011) where the low RFI pigs were shown to be less active 
and had a decrease in overall energy expenditure when compared to their high RFI 
counterparts. As low RFI pigs have similar rates of gain to the high RFI pigs, the 
decrease in physical activity can partially explain the FE gains seen in the low RFI 
line.  
 
Conclusions 
 The main biological factors stated by Richardson and Herd (2004) to explain 
the variation in RFI and FE seen in beef cattle are not well defined in swine. While it 
has been shown that there are differences in feeding patterns (Young et al., 2011) 
with a tendency to have differing carcass compositions (Boddicker et al., 2011)  in 
pigs selected for low and high RFI, no significant variation has been reported with 
digestibility (Barea et al., 2010), protein turnover, metabolism or oxidative stress. 
Therefore, there is need to further define these biological factors in swine while also 
evaluating any side effects due to genetic selection (Dekkers and Gilbert, 2010; 
Knap and Wang, 2012). As selection for greater FE is necessary for sustainable 
pork production and feeding a growing world population, understanding the 
physiology defining FE and developing management strategies to improve FE are 
needed. The use of unique RFI selection lines proved a great model to study the 
genetics and physiology behind FE differences in pigs. 
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Chapter 2.  Improved nutrient and energy digestibility and retention 
partially explains feed efficiency gains in pigs selected for low 
residual feed intake1 
Modified from a paper accepted by Journal of Animal Science 
A. J. Harris2, J. F. Patience, S. M. Lonergan, J. C. M. Dekkers, and N. K. Gabler3 
Department of Animal Science, Iowa State University 
 
Abstract 
Residual feed intake (RFI) is a unique measure of feed efficiency (FE) and an 
alternative to traditional measures of G:F or feed:gain. The RFI is defined as the 
difference between the actual feed intake of a pig and its expected feed intake 
based on a given amount of growth and backfat. Therefore, selecting pigs with a low 
RFI, results in a more feed efficient animal for a given rate of growth. Our objective 
was to determine the extent to which apparent total tract digestibility (ATTD) of 
nutrients and energy, and their utilization and retention explain FE differences 
between pigs divergently selected for low or high RFI. After 7 generations of 
selection, 12 high (HRFI) and 12 low RFI (LRFI) gilts (62±3 kg BW), were randomly 
assigned to metabolism crates. Gilts had free access to a standard diet based on 
corn and soybean meal containing 0.4% TiO2, an exogenous digestibility marker. 
After a 7 d acclimation, total urine and feces were collected for 72 h. Nutrient and 
                                                          
1
 The chapter in part has been presented and accepted for publication as a three page short research 
communication in an E-Supplement of the Journal of Animal Science as part of the 12
th
 International 
Symposium of Digestive Physiology of the Pig conference proceedings. See Appendix 1 for the paper version.   
2
 Primary researcher and author. 
3
 Author for correspondence. 
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energy digestibility and P and N balance were then measured and calculated to 
determine differences between the RFI lines. As expected, ADFI was lower in the 
LRFI gilts (P < 0.01; 2.0 vs. 2.6 kg/d), ADG did not differ, and G:F was higher in the 
LRFI (P = 0.0003) compared to the HRFI gilts. The digestibility coefficients for DM 
(87.3 vs. 85.9%), N (88.3 vs. 86.1%), and GE (86.9 vs. 85.4%) were higher (P ≤ 
0.003) in the LRFI versus HRFI gilts, respectively. The DE (16.59 vs. 16.32 MJ/kg 
DM) and ME (15.98 vs. 15.72 MJ/kg DM) values were also greater (P = 0.0006) in 
the LRFI gilts. When correcting for ADFI, P digestibility did not differ between the 
lines. However, the LRFI gilts tended to have improved N retention compared to 
HRFI gilts (P = 0.08; 36.9 vs. 32.1 g/d). In conclusion, the higher energy and nutrient 
digestibility, utilization, and retention may partially explain the superior FE seen in 
pigs selected for LRFI. 
 
Introduction 
Improving feed efficiency (FE) is a major objective in swine production due to 
the rising costs of feed and the need to enhance overall production efficiency and 
profitability. Genetic selection to reduce residual feed intake (RFI) is one way 
producers can help improve FE in their livestock (Koch et al., 1963; Cai et al., 2008). 
Residual feed intake is a newer alternative in measuring FE in cattle (Arthur et al., 
2001; Nkrumah et al., 2007), laying hens (Luiting and Urff, 1991), pigs (Barea et al., 
2010), and fish (Grima et al., 2008). However, the main biological factors that 
contribute to differences in RFI and FE have only been partially quantified in poultry 
(Luiting, 1990), pigs (Barea et al., 2010), and beef cattle (Richardson and Herd, 
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2004). These key factors include physical activity, feed intake patterns and behavior, 
stress, body composition, nutrient digestibility, protein turnover, and metabolism.  
According to Herd and Arthur (2009), nutrient digestibility in beef cattle accounts for 
10% of the variation associated with RFI. Therefore, our objective was to determine 
the extent to which nutrient digestibility and energy utilization explain FE and RFI 
differences in Yorkshire finisher pigs divergently selected for low (LRFI) or high RFI 
(HRFI). We hypothesized that pigs selected for LRFI would have increased nutrient 
and energy digestibility and retention, in particular N, relative to the HRFI line. 
 
Materials and Methods 
Experimental Design 
All animal procedures were approved by the Animal Care and Use Committee 
at Iowa State University (ISU). Twelve HRFI gilts and 12 LRFI gilts from the 7th 
generation of the ISU RFI selection project, were selected by matching age and live 
weight (62±3 kg BW) but not littermates, and were placed into randomly assigned 
individual pens for 10 d (P1). Thereafter, all gilts were placed into individual 
metabolism crates to measure feed intake, urination, and excretion for 7 d. After a 4 
d acclimation to the metabolism creates, fecal and urine collections were undertaken 
over a 3 d period (P2). Then, the gilts were returned to their individual pens until they 
were euthanized (P3). Gilts had free access to a standard diet based on corn and 
soybean meal (Table 2.1) that was formulated to meet or exceed the nutrient 
requirements for this size pig (NRC, 1998) and containing 0.4% titanium dioxide, an 
exogenous digestibility marker. Gilts had free access to water and were fed this diet 
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throughout periods 1-3. At the end of the experimental period, two gilts per d, one 
HRFI and one LRFI matched by live weight, were euthanized for a period of 14 d via 
captive bolt followed by exsanguination. 
 
Performance Traits 
Body weight was recorded at the beginning and end of each period (P1, P2, 
and P3) and feed intake (FI) was recorded throughout the experiment. The 10th rib 
backfat (BF) and loin eye area (LEA) were measured on all 24 gilts at the beginning 
of the study and again when the gilts entered the metabolism crates by an 
ultrasound technician using an Aloka 500V SSD ultrasound machine fitted with a 
3.5-MHz, 12.5-cm, linear array transducer (Corometrics Medical Systems Inc., 
Wallingford, CT). For each individual gilt, ADG, ADFI, and G:F and RFI were 
calculated using the BW, FI, and BF data collected from P1 through P3.  
 
Nutrient Digestibility and Retention 
Total urine and feces were collected for the last 72 h of P2 to determine 
apparent total tract nutrient digestibility (ATTD) of nutrients and energy. Collection of 
urine and representative fecal samples were obtained at 0800 and 1800 hours each 
day. Total urine was collected into stainless steel containers containing 15 mL of 6N 
HCl to prevent N gas losses. The pH was checked with litmus paper at each 
collection to ensure a pH of less than 2.5 was maintained. The total volume of urine 
at each collection was thoroughly mixed and a 10% subsample of each collection 
was deposited into a single polyethylene bottle and stored at approximately -20˚C. 
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Each subsequent 10% subsample was added to the same polyethylene bottle. The 
total amount of voided urine, HCl added, and 10% stored urine was recorded. At the 
end of the collection period, the urine was thawed, thoroughly mixed and a 50-100 
mL sample was retained from each pig at approximately -20˚C for later analyses.  
Twice a day, at 0800 and 1800 hours, approximate total fecal collection was also 
undertaken. Fecal matter was stored at approximately -20˚C. At the end of the 
collection period, fecal matter from each pig was thawed and homogenized. 
Approximately 160 g of fecal matter from each pig was weighed and then placed into 
an aluminum tray to be dried at 75˚C in a mechanical convection oven for 
approximately 1 wk. The dry fecal weight was recorded and used to determine water 
content. The dried feces were then ground in a Willey Mill using a 0.8mm screen and 
placed in a desiccator until further analysis.  
Nutrient and energy digestibility and N and P balance were measured and 
calculated to determine differences between the RFI lines as previously described 
by Htoo et al. (2008). The feed and feces were analyzed for N, P, GE, ash, ether 
extract (EE), and Ti (to measure the amount of digestibility marker present). Urine 
was analyzed for N and P. The GE was analyzed by bomb calorimetry (Oxygen 
Bomb Calorimeter 6200, Parr Instrument Company, Moline, Illinois) using 0.5 g of 
dried sample in duplicate. Titanium and P content were analyzed by placing 0.3 and 
0.5 g for fecal matter and feed, respectively, in a glass tube in duplicate and ashing 
the samples in a Fisher Isotemp muffle furnace over night at 600˚C. After cooling, 
0.8g of anhydrous Na2SO4 was added to each tube, along with 5 mL of 36N H2SO4. 
The tubes were vortexed and placed on a heat block to digest for a minimum of 72 
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h. The samples were then cooled and diluted to a total volume of 50 mL. All samples 
were then plated on a 96-well plate and ran for P and Ti and analyzed by colorimetry 
(AOAC 7.123). Urine P was measured by placing 10 mL of urine sample in a glass 
tube, in duplicate, after which the tubes were placed in a heat block. The heat block 
started at 80˚C for 24 h and was vortexed several times to help with gaseous 
release and reduce the risk of sample loss. After 24 h the heat block was turned to 
110˚C and the samples were heated for 6 d. After the samples cooled, 2.5 mL of 
36N sulfuric acid was added, vortexed, and placed on the heat block for 24 h. The 
samples were again cooled, diluted to 25 mL, and plated on a 96-well plate to be 
analyzed for P by colorimetry analysis (AOAC 7.123). Feed and fecal samples were 
sent to the University of Missouri for acid hydrolyzed EE. This was to calculate the 
amount of fat present in the fecal samples minus any soap formation during passage 
through the large intestine. Mineral content of both fecal and feed samples were 
obtained via ashing. Samples (2 g) were weighed into a crucible and dried in a 
Fisher Isotemp oven overnight at 105˚C, cooled in a desiccator, and then placed into 
a Fisher Isotemp muffle furnace overnight at 600˚C and weighed again. Percent total 
solids and percent volatile solids were then calculated and percent ash was 
calculated by subtracting percent volatile solids from percent total solids. Feed, fecal 
and urine samples were analyzed for N using the Kjeldahl method (AOAC 984.13, 
2007), in a Fisher Scientific digestion and distillation system. Crude protein was 
calculated by multiplying the N content by 6.25. 
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Disaccharide and L-Alanine Aminopeptidase Activities 
Immediately following euthanasia, mid-duodenum, jejunum, and ileum whole 
tissue samples were collected and frozen for later disaccharidase and L-alanine 
aminopeptidase assays using modified methods according to Dahlqvist (1984) and 
Roncari and Zuber (1969), respectively. Samples were homogenized in a phosphate 
buffered saline solution (PBS) and ran in 4 duplicate sets to encompass a blank to 
measure any glucose already present in the sample and with the addition of 56 mM 
solutions of either sucrose, lactose, or maltose to measure sucrose, lactase and 
maltase activities. All samples were incubated in a 37˚C water bath with sucrose, 
lactose and blanks incubating for 1 h and maltose for 30 min, allowing for liberation 
of glucose. The reaction was stopped by placing all samples on a 100˚C heat block 
for 2 min and then cooled. Samples and standards were then analyzed for glucose 
using glucose oxidase assay which oxidized the liberated and standard glucose. 
Plates were then read at 540 nM using a Synergy 4 microplate reader (Bio-Tek, 
Winooski, VT).  L-alanine aminopeptidase assay used 10 µL of sample mixed with 1 
mL of 1.66 mM L-alanine p-nitroanilide solution in PBS. When L-alanine p-
nitroanilide comes into contact with the sample and is incubated, the release of p-
nitroanilide is an indicator of L-alanine absorption and can be measured using 
colorimetric analysis. This was incubated for 10 min in a 40˚C water bath and the 
reaction was then stopped using 3 mL of 2M acetic acid. A serial dilution of 1 mg/mL 
4-Nitroaniline in ethanol was used for the standard. One hundred µL of this solution 
was then plated on a 96-well plate in duplicate and read at 384 nM using a Synergy 
4 microplate reader (Bio-Tek, Winooski, VT). 
32 
 
 
 
 
Statistical Analyses 
Data was analyzed using the Mixed procedure of SAS (Cary, NC). 
Digestibility data used line as a fixed effect and N and P balance data were adjusted 
to a similar energy intake as a covariate. Performance data collected during P2 used 
line as a fixed effect. Start weight and end weight data used line as a fixed effect and 
rep as a random effect, where rep represented which day the pig was euthanized. 
Statistical analyses for the disaccharide and L-alanine aminopepetidase assays 
were analyzed the same as the performance data. Differences were considered 
significant at P < 0.05 and a tendency at 0.05 < P < 0.10.  Feed intake, BW, ADG, 
and BF from P1 through P3 were used to calculate RFI for individual pigs. RFI was 
then analyzed according to statistical methods previously described by Cai et al. 
(2008). RFI was calculated by the following equation:  
 
RFI = ADFI – β1(ontest weight deviation) + β2(offtest weight deviation) + 
β3(metabolic mid-weight) + β4(ADG) + β5(offtest BF). 
 
Results 
 In previous generations of pigs selected based on RFI, pigs from the LRFI 
line consistently had reduced carcass fat, consumed less feed and exhibited similar 
rates of gain to the control and randomly selected HRFI lines (Cai et al., 2008; 
Boddicker et al., 2011; Smith et al., 2011). Thus, in this study, as expected, the lines 
differed in ADFI (2.6 vs. 2.0 kg/d; P < 0.0001, HRFI vs. LRFI, respectively), while 
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maintaining similar ADG. Thus, the G:F was 35% higher in the LRFI compared to the 
HRFI pigs (0.46 vs. 0.34, respectively; P = 0.0003, Table 2.2).  
We hypothesized that differences in efficiencies of nutrient and energy 
digestion explain a significant portion of the differences in FE and RFI between the 
LRFI and HRFI lines.  In our study, divergent selection for RFI in gilts altered nutrient 
and energy digestibility and N and P balance (Table 2.3). We observed significantly 
greater digestibility coefficients for DM (87.3 vs. 85.9%), N (88.3 vs. 86.1%) and GE 
(86.9 vs. 85.4%) in the LRFI compared to the HRFI gilts (P < 0.01, Table 3). 
Additionally, there was a tendency (P = 0.08) for ash digestibility to be lower in the 
LRFI versus the HRFI line (65.7 vs. 67.1%, respectively). However, the EE and P 
digestibility coefficients did not differ by line (P > 0.05). The DE and ME values were 
also greater in the LRFI versus the HRFI gilts (P = 0.0006, Table 2.3). Even when 
adjusting for ADFI, the DE and ME values were still significantly higher in the LRFI 
line (P ≤ 0.05). Furthermore, the LRFI gilts also tended to have improved N retention 
compared to the HRFI gilts after correction for ADFI (36.9 vs. 32.1 g/d; P = 0.08). 
However, P retention did not differ by line (P < 0.05, Table 2.3). There was no 
line*ADFI interaction seen in the nutrient digestibility, energy utilization or N and P 
balance.  
Small intestinal disaccharidase and L-alanine aminopeptidase activities did 
not appear to significantly contribute to the differences in nutrient digestibility and 
RFI in our finisher pigs (Table 2.4). However, jejunum sucrase activity tended to be 
lower in the LRFI (P = 0.07; 21.6 vs. 33.0 µmol/min/g of protein, Table 2.4) 
compared to the HRFI gilts. Ileum lactase activity was significantly lower in the LRFI 
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gilts (P = 0.02); however the activity values were extremely low to have any 
significant impact, as the gilts in this study were finisher rather than nursery gilts 
(Table 2.4). Using the Corr procedure of SAS, sucrase activity was positively 
correlated with L-alanine aminopeptidase activity and lactase activity was negatively 
correlated with L-alanine aminopeptidase activity (P = 0.004, P = 0.06 respectively, 
Table 2.5). We also observed positive correlations of sucrase activity with ADFI and 
RFI (P = 0.09, P = 0.053 respectively) and a negative correlation with G:F (P = 
0.034, Table 2.5). L-alanine aminopeptidase activity was positively correlated with 
maltase activity and ADFI (P = 0.09, P = 0.052 respectively), while negatively 
correlated with G:F (P = 0.07, Table 2.5). 
 
Discussion 
It is suggested that pigs with higher lean tissue accretion and G:F may have 
more efficient utilization of dietary nutrients and energy for growth and maintenance 
(Morales et al., 2002; Rivera-Ferre et al., 2006; Barea et al., 2011). The effect of pig 
genotype on ATTD of nutrients and energy is widely reported in the literature but 
normally not reported in the context of FE or RFI. The data herein, shows that 
Yorkshire gilts selected for reduced RFI have increased ATTD of nutrients and 
energy, while exhibiting greater FE in comparison to their high RFI counterparts. 
Interestingly, our data are contradictory to those reported from a similar RFI pig 
selection project (Barea et al., 2010). These authors used pigs selected from low 
and high RFI pure Large White lines that were of a similar age and BW to this study. 
Digestibility coefficients for OM, DM, N, P and energy, and DE and ME values were 
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not altered due to divergent selection for RFI. Interestingly, Barea et al. (2010) also 
reported that their HRFI line tended to have higher N intake, absorption, and N and 
P retention compared to the LRFI line. However, we report herein that our LRFI gilts 
tended to have higher N retention (P = 0.08), even after adjusting for ADFI, 
compared to the HRFI line. We observed no significant differences in P absorption 
or retention.  
With genetic selection for faster growing pig genotypes becoming a common 
trend in the industry, understanding the physiology underlying protein availability and 
retention is a critical. It has been suggested that differences in N digestibility and 
retention results in leaner, faster growing genotype pigs to have a greater capacity 
for protein synthesis and deposition than indigenous-type breeds (Rivera-Ferre et 
al., 2006). A review by Herd and Arthur (2009) stated that a significant portion of the 
variation with RFI in beef cattle is related to protein turnover. Interestingly, Smith et 
al. (2011) reported an up-regulation of calpastatin, an endogenous inhibitor of the 
ubiquitous µ- and m-calpain proteases, in our LRFI pig line compared to the 
randomly selection control line. This increase in calpastatin may correspond to a 
decrease in protein turnover. A decrease in protein degradation, coupled with an 
increase in N digestibility and retention, with similar or greater protein synthesis, may 
explain why LRFI pigs have leaner carcasses and greater FE.  
Furthermore, pig genotypes that have higher protein deposition rates are 
associated with a lower rate of digesta passage and greater nutrient and energy 
digestibility (Varel et al., 1988; Ly et al., 1998). Feeding frequency and patterns have 
been reported in pigs divergently selected for RFI (Young et al., 2011). These data 
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suggest that as the LRFI pigs eat less, they may have a lower rate of digesta 
passage that could increase their digestion and absorption capabilities. Besides 
having a lower energy expenditure when feeding, pigs selected for low RFI also are 
known to eat less overall when fed ad libitum  (Barea et al., 2010; Boddicker et al., 
2011), which is also observed in the current study in which the LRFI gilts ate 24% 
less feed than their HRFI counterparts. Therefore, there would be a need to 
compensate for the decrease in feed intake to maintain similar growth rates. 
Although we did not measure digesta passage rates in our RFI lines, it is possible 
that having an increased activity of microflora and digestive enzymes in the 
gastrointestinal tract, coupled with a higher retention time in the hindgut, may 
contribute to the increased nutrient digestibility and absorption when adjusted for 
similar feed intake (Kemp et al., 1991; Freire et al., 2003).  
As feed costs are a major economic contributor to profitability for the swine 
industry, decreasing feed intake and increasing the amount of GE that is digested 
and metabolized from that feed is desirable. The current study shows the LRFI gilts 
have both a decrease in ADFI and an increase in diet DE and ME (P < 0.01), 
indicating a higher utilization of their diet and overall more feed efficient pigs. Since 
LRFI pigs are known to consume less feed than what is required for maintenance 
and are noted to be leaner with less backfat (Barea et al., 2010; Boddicker et al., 
2011), the extra GE digested and metabolized can then be directed towards lean 
growth. Furthermore, Sadler et al. (2011) observed LRFI pigs that were less active 
compared to their HRFI counterparts, indicating a lower overall energy expenditure. 
In animals of the same weight, those that have greater feed intakes have greater 
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energy expenditure and size of metabolically active organs, compared to animals 
that have a lower feed intake (Koong et al., 1982; Koong et al., 1983; Koong et al., 
1985). Barea et al. (2010) showed that their HRFI lines had greater energy 
expenditure, as measured by heat production and CO2 output, compared to their 
LRFI line.  Therefore, we could assume that the LRFI pigs have lower energy 
expenditure in comparison to HRFI pigs of lower FE.  
Although not measured in the current study, it is has been reported that 
increased villus to crypt ratio increases nutrient digestion and absorption capacity of 
the small intestine (Pluske et al., 1996). It has been shown in different breeds of 
cattle, that a leaner-type animal has higher villi in the duodenum and proximal 
jejunum and deeper crypts than a fatter-type counterparts (Zitnan et al., 2008). 
These authors also showed positive correlations between crude protein utilization 
and duodenal and proximal jejunal villus height of small intestinal mucosa. 
Collectively, this suggests that differences in intestinal morphology are a critical 
adaption to increase of nutrient availability to meet the demands associated with 
lean tissue deposition. Interestingly, Barea et al. (2011),  found no differences in villi 
length or crypt depth in the duodenum and proximal jejunum between pigs of 
divergent RFI and FE. However, this may be associated with the type of diet, as the 
diet used for the lean-type pigs in that study may not have been of optimal amino 
acid concentrations in order to study morphological differences between the two 
lines to their full potentials (Guay et al., 2006; Yue and Qiao, 2008). Zitnan et al. 
(2008) also exhibited a negative correlation between crude protein utilization and 
small intestine weight. The lower weight of total small intestine appears to be a 
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response to the changed epithelial surface in duodenum and proximal jejunum. The 
energy demands of intestine for protein turnover and ion transport depend on 
intestinal size (Cant et al., 1996). Therefore, these results may also explain the lower 
energy requirements for the maintenance of leaner-type animals. 
In conclusion, our data indicate that differences in RFI and FE in Yorkshire 
pigs reflect differences in nutrient and energy digestibility and utilization. Thus, along 
with other post-absorptive metabolism differences, digestive function and capacity 
may partially explain FE gains seen in finisher pigs selected for LRFI. These pigs 
utilize nutrients and energy more efficiently for metabolic functions and maintenance 
to support similar rates of growth.  
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Table 2.1. Ingredients and chemical composition of the diet (as-fed basis) 
Parameter  
Ingredient ---%--- 
   Corn  63.51 
   Soybean meal 14.30 
   DDGS  20.00 
   Vitamin-Mineral Premix1    1.90 
   Lysine    0.28 
Calculated and analyzed chemical composition, % 
   Crude Protein   17.21 
   Ash     4.34 
   Ether extract     5.58 
   Phosphorus, Total     0.73 
   ME, Mcal/kg     3.31 
Standard ileal digestible, %  
    Lys     0.82 
    Met     0.27 
    TSAA2     0.52 
    Thr     0.50 
1 Supplied per kilogram of diet: vitamin A, 8364 IU; vitamin D3, 1533 IU; vitamin E, 
45 IU; vitamin K, 2.2 IU; choline, 6.5 mg; riboflavin, 4.2 mg; niacin, 21 mg; 
pantothenic acid, 17 mg; vitamin B-12, 28 mcg; biotin, 1.6 mcg; folic acid, 0.0005 
mg; Zn, 112 ppm as zinc sulfate and zinc oxide; Mn, 54 ppm as manganous oxide; 
Fe, 145 ppm as ferrous carbonate and ferrous sulfate; Cu, 20 ppm as copper 
chloride; I, 0.76 ppm as ethylenediamine dihydriodide; Se, 0.25 ppm as sodium 
selenite. 
2 TSAA = total sulfur amino acids 
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Table 2.2. Effects of selection for residual feed intake (RFI) on growth performance 
of Yorkshire gilts (62±3 kg BW) over a 72 hour collection period (period 2) 
Item 
Line1 
P-value 
LRFI* HRFI* 
Initial BW, kg   67.62 ± 1.005    69.10 ± 1.005    0.31 
Final BW, kg   73.08 ± 1.082    74.35 ± 1.082    0.42 
ADFI, kg/d     1.98 ± 0.071      2.60 ± 0.071  <0.0001 
ADG, kg/d     0.91 ± 0.059      0.88 ± 0.059    0.67 
G:F     0.46 ± 0.020      0.34 ± 0.020    0.0003 
RFI2    -0.108 ± 0.0381       0.001 ± 0.0381    0.055 
1 LRFI = low residual feed intake (n=12); HRFI = high residual feed intake (n=12). 
2 Calculated residual feed intake index using period 1 through period 3 performance 
traits. 
* Values are LS means ± SE. 
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Table 2.3. Effects of divergent selection for residual feed intake (RFI) on nutrient 
and energy digestibility and nitrogen and phosphorus balance in gilts (62±3 kg BW) 
Item LRFI1* HRFI1* P-value 
Digestibility coefficient, %    
   DM 87.3 ± 0.25 85.9 ± 0.25    0.0006 
   N 88.3 ± 0.47 86.1 ± 0.47  0.003 
   P 65.0 ± 1.10 62.4 ± 1.10 0.12 
   GE 86.9 ± 0.25 85.4 ± 0.25    0.0006 
   EE 64.7 ± 0.57 64.2 ± 0.57 0.56 
   Ash 65.7 ± 0.53 67.1 ± 0.53 0.08 
Energy values, MJ/kg of DM    
   DE  16.59 ± 0.048 16.32 ± 0.048     0.0006 
   ME  15.98 ± 0.046 15.72 ± 0.046     0.0006 
N balance, g/d2    
   Intake   63.00 ± 0.001 63.00 ± 0.001  0.57 
   Absorbed   55.40 ± 0.407 54.27 ± 0.407  0.12 
   Retained   36.91 ± 1.533 32.12 ± 1.533  0.08 
P balance, g/d2    
   Intake   16.62 ± 0.001 16.62 ± 0.001  0.30 
   Absorbed   10.73 ± 0.289 10.38 ± 0.289  0.49 
   Retained    9.43 ± 0.236    8.92 ± 0.236  0.21 
1 LRFI = low residual feed intake (n=12); HRFI = high residual feed intake (n=12). 
2 Adjusted for ADFI. 
* Values are LS means ± SE. 
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Table 2.4.  The effect of selection for residual feed intake (RFI) on intestinal 
digestive enzyme activities in Yorkshire gilts at 83 ± 3 kg of BW when euthanized 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1 LRFI = low residual feed intake (n=6 gilts); HRFI = high residual feed intake (n=6 
gilts). 
2 Liberated glucose, µmol/min/g of protein. 
3 µmol/min/g of protein. 
* Values are LS means ± SE. 
 
 
 
 
Parameter LRFI1* HRFI1* SE P-value 
Duodenum     
   Lactase2      8.3      6.1      1.59 0.36 
   Sucrase2      8.3      6.0      1.77 0.37 
   Maltase2    67.5    56.1      7.00 0.27 
   Aminopeptidase N3      0.25      0.21      0.015 0.14 
Jejunum     
   Lactase2    17.9    18.2      3.34 0.95 
   Sucrase2    21.6    33.0      3.92 0.07 
   Maltase2    80.8    93.0      9.47 0.38 
   Aminopeptidase N3      0.25      0.33      0.040 0.21 
Ileum     
   Lactase2      1.4      0.7      0.17 0.02 
   Sucrase2    28.3    26.5      3.32 0.71 
   Maltase2  108.4    95.9    10.14 0.40 
   Aminopeptidase N3      0.45      0.47      0.042 0.81 
 
 
4
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Table 2.5.  Pearson correlations of growth and performance parameters and disaccharidase and L-alanine 
aminopeptidase activities in Yorkshire gilts, 83 ± 3 kg of BW (n=6 gilts/line) 
 Lactase1 Sucrase
1 
Maltase1 L-Ala1,2 ADFI (kg/d) ADG (kg/d) G:F RFI 
Lac1 1.000 -0.455 
0.14 
  0.092 
0.78 
 -0.552 
0.06 
 -0.253 
 0.43 
  0.326 
0.30 
  0.397 
0.20 
 -0.340 
0.28 
Suc1    1.000   0.375 
     0.23 
  0.769 
  0.004 
   0.517 
 0.09 
 -0.376 
0.23 
 -0.613 
  0.034 
  0.570   
  0.053 
Mal1     1.000   0.509 
 0.09 
 -0.002 
 0.99 
 -0.142 
      0.66 
 -0.049 
 0.88 
 -0.240 
 0.45 
L-Ala1,2      1.000    0.572 
   0.052 
 -0.277 
 0.38 
 -0.536 
 0.07 
   0.462 
 0.13 
ADFI (kg/d)        1.000    0.100 
 0.76 
  -0.506 
  0.09 
   0.833 
   0.001 
ADG (kg/d)         1.000    0.797    
0.002 
  -0.207 
  0.52 
G:F          1.000    -0.699 
    0.011 
1 Combined duodenum, jejunum, and ileum activities 
2 L-Ala = L-alanine aminopeptidase
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Chapter 3. Whole body composition and tissue accretion rates 
differ in gilts divergently selected for residual feed intake 
 
Abstract 
Residual feed intake (RFI) is defined as the difference between the actual feed 
intake of a pig and its expected feed intake based on a given amount of growth and 
backfat. Selecting pigs for a low RFI, therefore, results in a more feed efficient 
animal for a given rate of growth. Our objective was to determine the extent to which 
whole body composition and tissue accretion rates may explain the differences seen 
between pigs divergently selected for low or high RFI. After 7 generations of 
selection, 24 high (HRFI) and 24 low RFI (LRFI) gilts were matched by littermate, 
age, and live weight (60±7 kg). Twelve gilts per line were selected as an initial 
slaughter group (ISG) and their respective littermates were then used as a final 
slaughter group (FSG). Whole body compositions were analyzed using backfat 
ultrasound scans and initial body weights on both the ISG and FSG and the ISG fat, 
protein, and ash. This data was then used in a regression analysis to estimate the 
initial body composition of the FSG to determine tissue accretion rates. As expected, 
ADFI tended to be lower in the LRFI gilts from the FSG (1.8 vs. 2.1 kg/d, P = 0.10) 
when compared to their HRFI counterparts, ADG did not differ between the lines in 
either the ISG nor the FSG, and G:F was 8% higher in the FSG LRFI gilts (P = 0.03) 
compared to the HRFI FSG gilts. The LRFI gilts in the FSG tended to have 
decreased total visceral weight (6.22 vs. 6.49 kg, P = 0.09). Both ISG and FSG LRFI 
gilts showed a decrease in whole body fat (P ≤ 0.02) and GE of the body (P ≤ 
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0.0006) compared to their HRFI counterparts. The FSG LRFI gilts showed an 
increase in whole body protein (P = 0.07) compared to their HRFI counterparts. 
Protein (P = 0.09) and water (P = 0.06) accretion rates tended to be greater in LRFI 
compared to the HRFI gilts. A significantly greater ash accretion rate (g/d, P = 0.04) 
was also observed in the LRFI line. There was no difference in fat accretion between 
the LRFI and HRFI gilts. These data indicate that carcass composition and tissue 
accretion rates may partially explain the differences seen in finisher pigs divergently 
selected for RFI. 
 
Introduction 
Improving feed efficiency (FE) is an objective of livestock producers in order 
to reduce feed costs and increase productivity to improve the industry’s carbon foot 
print and feed the worlds growing population with a good protein source. Residual 
feed intake (RFI) has been proposed as an alternative method to measure FE in 
place of the traditional gain:feed and feed:gain ratios (Koch et al., 1963; Cai et al., 
2008). Residual feed intake is defined as the differences between the actual feed 
intake of an animal and the feed intake expected for maintenance and growth at the 
animal’s level of growth and back fat. Animals that consume less feed than what is 
expected for maintenance and growth have a low residual feed intake (LRFI), while 
animals that consume more feed than what is expected have a high residual feed 
intake (HRFI). While it is known that LRFI animals are more efficient for a given rate 
of growth, the main biological factors that contribute to differences in RFI have only 
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been partially quantified in poultry (Luiting, 1990), pigs (Barea et al., 2010), and beef 
cattle (Richardson and Herd, 2004).  
According to Herd and Arthur (2009), body composition in beef cattle 
accounts for 5% of the variation associated with RFI. Previously, Boddicker et al. 
(2011) reported a trend for an increased carcass water and protein, together with a 
decrease in fat composition in Yorkshire pigs selected for LRFI compared to the 
randomly selected higher RFI control line when fed ad libitum, restricted, or at 
maintenance levels. Furthermore, RFI selection has changed the dynamics of 
energy use in swine (Barea et al. 2010). These authors showed that Large White 
pigs selected for high RFI exhibited greater heat production and basal metabolic rate 
compared to low RFI counterparts although energy retention and partitioning 
between protein and fat did not differ between their two RFI lines. Therefore, our 
objective was to determine the extent to which whole body composition and tissue 
accretion rates explain differences in FE in finisher pigs divergently selected for RFI. 
We hypothesized that pigs selected for LRFI have higher carcass lean tissue 
accretion rates and lower fat deposition rates compared to the HRFI line. 
Furthermore, we expect the low RFI pigs to utilize energy more efficiently for growth. 
 
Materials and Methods 
Experimental Design 
All animal procedures were approved by the Animal Care and Use Committee 
of Iowa State University (ISU).  Twenty-four HRFI gilts and 24 LRFI gilts from the 7th 
generation of the Iowa State University RFI selection project were matched by age 
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and live weight (60±7 kg), and by littermate within line, from group pens at 
approximately 90 d of age. All gilts from the 7th generation of both the HRFI and 
LRFI lines, prior to selection, were randomly placed into group pens of sixteen and 
each group pen was equipped with a single-space electronic feeder, Feed Intake 
Recording Equipment (FIRE, Osborne Industries Inc., Osborne, KS). Throughout the 
entire experiment, all gilts received a typical corn-soybean-DDGS  diet (Table 3.1), 
fed ad libitum, and had free access to water at all times. This standard commercial 
diet was formulated to meet or exceed the nutrient requirements for this size pig 
(NRC, 1998). The gilts were allowed 1 wk of acclimation to the FIRE feeders before 
data collection began. After acclimation, the FIRE feeders recorded ear transponder, 
entrance time, start weight of feed, exit time, and end weight of feed for each visit. 
Database and edit systems developed by Casey et al. (2005) were used to handle 
and edit the data collected by the FIRE feeders. One set of littermates (12 gilts per 
line) were then selected as an initial slaughter group (ISG) and the opposite 
littermates were used as the final slaughter group (FSG). 
 
Performance Traits 
All gilts were weighed after acclimation to the FIRE feeder pens and every 
other wk thereafter. Feed intake was recorded using the FIRE feeders for 
approximately 3 wk and 9 wk for the ISG and FSG, respectively. The 10th rib backfat 
(BF) and loin eye area (LEA) were measured on all 48 gilts at approximately 2 wk 
and again on the FSG at 8 wk post-acclimation by ultrasound using an Aloka 500V 
SSD ultrasound machine fitted with a 3.5-MHz, 12.5-cm, linear array transducer 
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(Corometrics Medical Systems Inc., Wallingford, CT). ADG, ADFI, G:F, and RFI 
were then calculated for the 3 and 9 wk periods (ISG and FSG, respectively) using 
the data collected from the FIRE feeders and ultrasound scans. RFI was then 
analyzed according to statistical methods previously described by Cai et al. (2008). 
RFI index was calculated by the following equation:  
 
RFI (kg/d) = ADFI – β1(ontest weight deviation) + β2(offtest weight deviation) + 
β3(metabolic mid-weight) + β4(ADG) + β5(offtest BF). 
 
After the performance study, the ISG (60±7 kg BW) and FSG (90±10 kg BW) 
were transported (n=12 gilts per day, for two days, per slaughter group) to the ISU 
Meat Laboratory facilities, fasted overnight, weighed, electrically stunned and then 
euthanized via exsanguination. Immediately following euthanasia, all blood was 
collected and weights on the blood, head, empty carcass minus head, and viscera, 
including small intestine, large intestine, stomach, liver, kidneys, spleen, heart, and 
lungs minus gut fill and urine were recorded for each gilt. The empty carcasses were 
quartered and then the carcasses, head, blood and viscera for each ISG and FSG 
gilt were frozen until ground for chemical analyses.  
 
Body Composition 
Frozen carcass, head, blood, and viscera of the 48 gilts were individually 
homogenized by two passes through a mechanical grinder (Buffalo No. 66BX 
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Enterprise) and three passes through a Hobart 52 grinder with a 5 mm die. The 
ground whole body was thoroughly mixed and homogenized samples were collected 
in duplicates and stored at -20˚C for moisture, protein, lipid, energy and ash 
analyses on each pig. Water content was determined by drying 300-500 g 
homogenized sample for 7 d using a freeze drier (Uni-Trap Model 10-100, The Virtis 
Company, Gardiner, NY). The dried samples were then stored at -20˚C. For ash 
determination, 2 g of dried sample were placed in a Fisher Isotemp oven overnight 
at 105˚C and then placed in a Fisher Isotemp muffle furnace overnight at 600˚C. 
Nitrogen was determined using 0.2 g dried sample in duplicate using the Kjeldahl 
method (984.13, AOAC 2007), in a Fisher Scientific digestion and distillation system. 
Crude protein was calculated by multiplying the nitrogen content by 6.25. Lipid 
content was determined by using 3 g dried sample in duplicate by ether extract using 
a goldfish Fat Extraction system (AOAC, 1980). The gross energy (GE) of each 
homogenate was determined by bomb calorimetry (Oxygen Bomb Calorimeter 6200, 
Parr Instrument Company, Moline, IL) using 0.5 g of dried sample in duplicate.  
 
Statistical Analyses 
 Performance data, carcass composition, and viscera weights were analyzed 
using the MIXED procedure of SAS (SAS, 2007). Performance data for individual 
pigs were analyzed according to statistical methods previously described by Cai et 
al. (2008). Line and slaughter group were used as fixed effects. Pen was a random 
effect when analyzing the performance, carcass composition, and viscera weight 
data. Combined carcass, head, blood, and empty viscera weight (empty body 
53 
 
 
 
weight) was included as an additional covariate for carcass composition and viscera 
weight data. Energy utilization data was calculated using the new NRC (2012) 
calculations and Patience (2012) and used line as a fixed effect. Fat deposition, 
protein accretion,  ash accretion, and energy retention were calculated using the 
REG followed by the MIXED procedure of SAS (SAS, 2007). Backfat ultrasound 
scans, initial BW from both the ISG and FSG, together with the ISG fat, protein, ash, 
and GE whole body compositions were used in a regression analysis to estimate the 
initial body composition of the FSG. The estimated initial fat, protein, ash and GE 
body compositions were then used to calculate the estimated initial mass of protein, 
fat, ash and GE and accretion rates were calculated as follows:  
 
Accretion rate (g/d) = (final fat, protein, ash, water weight or GE)-(estimated initial 
fat, protein, ash, water weight or GE)/days between littermate slaughter dates 
 
Energy utilization data was calculated as follows: 
DE = GE% * GE in diet 
ME = DE * (1.003-(0.0021 * 6.25 * N in diet) (Noblet and Perez, 1993) 
MEi = ME * ADFI (Oresanya, 2005) 
MEm = 197 kcal * mean body weight
0.6 (NRC, 2012) 
MEg = MEi - MEm (Oresanya, 2005) 
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Mcal of ME/kg of wt gain = MEg / ADG (Oresanya, 2005) 
Cost of protein or lipid accretion (per d of MEi) = protein or lipid accretion * 
10.03 or 11.7 kcal ME/g, respectively (Patience, 2012) 
Estimated retained protein or lipid (per d) = protein or lipid accretion * 5.54 or 
9.34 kcal/g, respectively (Patience, 2012) 
g of protein or lipid/Mcal of MEg = protein or lipid accretion / MEg (Oresanya, 
2005) 
 
 Accretion and energetics data were then analyzed using the MIXED 
procedure of SAS (SAS, 2007). Line and slaughter date were used as fixed effects 
and pen as a random effect. Slaughter date was included as a covariate.  
 
Results 
Previous generations of LRFI pigs from the ISU RFI selection lines have 
consistently shown to consume less feed while proving to have similar rates of gain 
compared to their control or randomly selected HRFI counterparts (Cai et al., 2008; 
Boddicker et al., 2011; Smith et al., 2011). While the ISG gilts, 60±7 kg BW, did not 
show significant difference in ADFI or G:F (Table 3.2), the ISG LRFI gilts did have 
significantly less BF than the HRFI gilts (12.7 vs. 14.7 mm; P = 0.008, Table 3.2). 
However, as expected, the LRFI gilts from the FSG (90±10 kg BW) tended to have 
lower ADFI than the HRFI gilts (1.8 vs. 2.1 kg/d, P = 0.10), while maintaining similar 
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ADG under group housing (Table 3.2). As a result, the G:F was 8% higher in the 
LRFI than the HRFI gilts (0.40 vs. 0.37, P = 0.032). The FSG LRFI gilts also had less 
BF (13.6 vs. 16.5 mm, P = 0.0007) than their HRFI counterparts (Table 3.2).  
With respect to body composition, previous generations of the ISU LRFI line 
have shown to have a slight trend towards more protein and water while having less 
fat and GE based on half carcass composition when compared to the then randomly 
selected control line (Boddicker et al., 2011). This lead us to hypothesize that there 
would be a difference between gilts divergently selected for LRFI and HRFI in whole 
body composition and visceral mass. In the ISG (Table 3.3), the weight of the 
stomach tended to be greater in the LRFI compared to the HRFI line (P = 0.07). 
Whole body analysis of the ISG LRFI gilts also showed significantly more water (65 
vs. 63%, P = 0.016) and greater lean weights compared to the HRFI gilts (84 vs. 
81%, P = 0.024). Additionally, the LRFI gilts had significantly lower fat content (12 
vs. 15%, P = 0.002) and GE (6369 vs. 6736 cal/g, P = 0.0003, Table 3.3).  Overall 
the fat:protein ratio was lower in the LRFI gilts (P = 0.005; 0.67 vs. 0.86, Table 3.3) 
compared to the HRFI gilts. 
In the FSG (Table 3.4), as expected, there was a tendency for total viscera 
weight and the ratio of viscera to body weight to be less in the LRFI than the HRFI 
line (P = 0.09). The body composition analysis on the FSG indicated that the LRFI 
gilts had higher water (61 vs. 58%, P = 0.003), protein (18.6 vs. 17.7%, P = 0.07), 
lean (80 vs. 76%, P = 0.003), and ash contents (3.4 vs. 3.0%, P = 0.019), while 
having a lower percentage of fat (17 vs. 21%, P = 0.018) and GE (6646 vs. 7072 
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cal/g, P = 0.0006), compared to their HRFI counterparts. The lower percentage of fat 
and higher percentage of protein resulted in a lower fat:protein ratio in the LRFI gilts 
(P = 0.009; 0.97 vs. 1.19, Table 3.4). 
Tissue accretion rates over the 9 wk growth study tended to differ between 
the divergently selected gilts (Figure 3.1). Overall, the LRFI gilts tended to have 
higher protein (P = 0.09, Figure 3.1A) and water (P = 0.06, Figure 3.1D) accretion 
rates. Interestingly, the LRFI gilts also had significantly higher ash accretion rates (P 
= 0.04, Figure 3.1B).  However, the LRFI and HRFI gilts had similar fat accretion 
rates (Figure 3.1). When performing correlation analysis of accretion rates and 
performance data (Table 3.5), as expected, G:F was negatively correlated with RFI 
(P < 0.0001), while we observed positive correlations of G:F with protein, ash, and 
water accretion rates (P = 0.003, P = 0.028, P = 0.004 respectively). RFI was 
negatively correlated with protein (P = 0.023) and water accretion rates (P = 0.038) 
and ADFI was negatively correlated with ash accretion rates (P = 0.025, Table 3.5).  
Metabolizable energy intake (MEi) was different between the two lines due to 
differences in ADFI, with the LRFI gilts having lower MEi (P = 0.05, Table 3.6). 
Predicted metabolizable energy for maintenance was similar due to similar body 
weights and the assumption that the equation for calculating maintenance 
requirements is the same for both lines (NRC, 2012). Because of the difference in 
intake and similar predicted maintenance requirements, ME available for growth and 
production (MEg; P = 0.039) and Mcal of MEg per kg of wt gain (P = 0.047) was 
significantly lower in the LRFI gilts. With the lower intake of ME and the greater 
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protein accretion in the LRFI gilts, comes a greater energetic cost for protein 
deposition (P = 0.09). Corresponding to the greater protein accretion, the LRFI gilts 
also showed a tendency to have a higher amount of estimated retained protein as 
energy per day than their HRFI counterparts (0.79 vs. 0.69 Mcal/d, P = 0.08, Table 
3.6). The LRFI gilts also proved to be more efficient in protein deposition, as they 
showed a significantly greater amount of protein deposition per Mcal of MEg (31.7 
vs. 25.4, P = 0.014, Table 3.6). While the LRFI gilts showed a reduction in backfat, 
there was no difference between the HRFI and LRFI lines in the amount of 
estimated retained lipid as energy per day or in the calculated energetic cost for lipid 
deposition (Table 3.6). 
 
Discussion 
Tissue accretion and the composition of this accretion are important in pig 
production and meat quality. The purpose of this study was to examine the role 
tissue accretion rates and body composition play in FE differences amongst pigs 
divergently selected for high and low RFI. These data indicate that LRFI gilts have 
leaner carcasses and greater protein, water, and bone ash deposition rates 
compared to gilts from the less feed efficient HRFI line. This agrees with the study 
by Boddicker et al. (2011) of an earlier generation of the same lines, in that their 
LRFI pigs had decreased ADFI with an increase in G:F and a trend for decreased 
water and fat composition and increased protein composition. As there are 
differences between the HRFI and LRFI lines in FE and composition with similar 
rates of gain, measuring FE in terms of carcass G:F may be beneficial in pork 
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production, because measuring G:F on a carcass basis only considers the efficiency 
of which feed is converted into lean, fat, and bone and not the body as a whole. 
Measuring FE as carcass G:F increases the differences between LRFI and HRFI 
pigs by 2%. As this study has shown LRFI gilts to be more efficient in depositing 
protein than their HRFI counterparts, it would make sense that they are the more 
efficient line in energy utilization for growth as measured by carcass G:F.  
Divergent selection for RFI has resulted in observed differences in body 
composition and tissue accretion, mainly protein, water, and bone ash, between the 
two lines of pigs. Because of these differences, it is possible that visceral organs 
affect overall body composition. Both Boddicker et al. (2011) and the current study 
observed lower total visceral weights in the LRFI pigs when adjusted for BW. This 
may partially explain the increase in FE seen in LRFI pigs, as visceral organs are 
known to have high maintenance requirements. Koong et al. (1982; 1983; 1985) 
have shown that, in animals of the same weight, that animals with a greater feed 
intake have a positive relationship between energy expenditure and the size of 
metabolically active organs, compared to animals that have a lower feed intake. 
Although metabolically active organs represent only approximately 10% of BW, they 
account for >50% of total heat expenditure of the animal. A decrease in physical 
activity energy expenditure had been observed by Sadler et al. (2011) and Young et 
al. (2011) in LRFI pigs as they were less active, visited their feeders less and spent 
less time in their feeders overall when compared to HRFI pigs. Barea et al. (2010) 
also indicated differences in energy expenditure as their HRFI line had significantly 
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higher heat production, indicating an increase in energy expenditure. Altogether, 
these data suggest that lower maintenance requirements are a key component for 
improved FE. 
Gomez et al. (2002b) stated that an increase in energy availability, such as 
decreased energy expenditure, will be shift energy towards production at the tissue 
level. Our study concurs with this speculation, as the LRFI pigs tended to have 
higher protein and water accretion rates. The composition of an animal’s gain may 
vary dramatically due to differing amounts of energy and protein being utilized from 
their diet. Composition of gain may also be directly influenced by an animal’s 
capacity and efficiency to digest, absorb, and metabolize these sources of energy 
and protein (Herd et al., 2004). It has been suggested that pigs with higher lean 
tissue accretion and G:F have a greater capability to utilize nutrients and energy 
(Morales et al., 2002; Rivera-Ferre et al., 2006; Barea et al., 2011). Rivera-Ferre et 
al. (2006) also indicated that an increase in N digestibility and retention may be 
indicative of a greater capacity for protein synthesis and deposition. 
Similar to the current study, Bikker et al. (1995) showed a decrease in lean 
tissue content in the empty body and carcasses with an increase in ADFI of growing 
gilts, 20 to 45 kg BW. It has been shown that if pigs are not given enough protein in 
their diet, it can create a higher than normal diet NE value. A higher diet NE value 
causes an increase in body lipid due to less amino acids being deaminated, allowing 
the extra energy from the diet to be deposited in adipose tissue (Brudevold and 
Southern, 1994; Kerr and Easter, 1995; Ward and Southern, 1995). This can be 
60 
 
 
 
compared to pigs that have decreased N digestibility and retention as Iberian pigs 
have shown to have an increase in body lipid when compared to more lean-type pigs 
(Barea et al., 2011). Gomez et al., (2002a) indicated a decrease in plasma urea 
concentrations in pigs fed a diet low in protein, which also indicates that less energy 
was used in the deamination and transamination processes and in urea formation. 
Since dietary protein concentration influences the concentration of amino acids in 
the plasma and tissues, Na+, K+-ATPase activity may also be influenced and this 
activity may be related to the rate of protein synthesis (Adeola et al., 1989). 
A significant portion of the variation associated with RFI is thought to be 
related to protein turnover (Herd and Arthur, 2009), the net total protein degradation 
and synthesis. Protein turnover is energetically expensive and may account for 19% 
of the increase in ATP expenditure in sheep (Gill et al., 1989b). The activation of 
mammalian target of rapamycin (mTOR) pathway is well known to lead to translation 
initiation, protein synthesis and muscle growth (Hay and Sonenberg, 2004) and 
therefore could potentially contribute to the greater protein accretion seen in our 
LRFI pigs. Overall this would decrease protein accretion by decreasing energy 
expenditure and protein synthesis in skeletal muscle cells. An increase in rates of 
protein degradation would also have a negative effect on protein accretion. Calpain 
proteases (µ- and m-calpain) have been  hypothesized to contribute to protein 
turnover through protein degradation in muscle (Smith and Dodd, 2007). Calpastatin, 
the endogenous inhibitor of the ubiquitous calpains, has been shown to be up-
regulated in LRFI compared to HRFI pigs (Smith et al., 2011). This increase in 
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calpastatin may indicate a decrease in protein turnover in LRFI pigs which may 
correspond to more energy and protein available for protein deposition. 
While the LRFI pigs have shown to have superior FE and leaner carcasses, 
meat quality can become an issue. Greater calpastatin activity, as seen in LRFI pigs 
in the study by Smith et al. (2011), may result in lower meat tenderness and texture 
due to the lower lipid content and less intact protein postmortem. Overall, Smith et 
al. (2011) found a positive correlation between RFI and tenderness, with little to no 
correlation of RFI with meat pH and water-holding capacity. As this indicates that 
meat quality may be of concern by genetically selecting for leaner carcasses, further 
attention and research is necessary so that production systems can continue 
selecting for lean-type pigs while maintaining meat quality. 
 Whittemore and Fawcett, (1976) stated that the distribution of dietary energy 
above maintenance to protein and lipid accretion in growing pigs is largely 
determined by the relationship between energy intake and protein deposition. Based 
on this assumption, we showed that LRFI pigs had a greater amount of protein being 
deposited, with a decrease in ME available for growth and production (Table 3.6). 
However, no difference in ME for maintenance (MEm) was observed between the 
two lines. This contradicts work and calculations reported in a similar pig RFI 
selection project (Barea et al. 2010). Therefore, an alternative approach would be to 
re-calculate the values for MEm using partial efficiencies of protein and lipid 
deposition as described by Patience (2012). As it has been previously and currently 
shown that the HRFI and LRFI lines have distinct differences in ADFI, body 
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composition, and tissue accretion, it is possible that these two lines differ in 
maintenance requirements and in the utilization of energy for growth. When 
calculated for the LRFI and HRFI lines, a MEm difference of 16% was observed (data 
not shown). 
While differences of energy requirements for maintenance between LRFI and 
HRFI lines is a possibility due to previous data showing differences in heat 
production, ADFI, and carcass composition (Barea et al., 2010; Boddicker et al., 
2011), there is also the possibility that there are differences in the partial efficiencies 
of protein and lipid deposition. We re-calculated the partial efficiency, k, as a ratio of 
measured energy retention determined by bomb calorimetry and then calculated 
MEg using the MEm calculation from NRC (2012). A difference of 21% was observed 
between the LRFI and HRFI lines. This data indicates that the LRFI pigs may be 
more efficient in their utilization of ME for protein and lipid deposition. 
A third possibility for differences observed for energy utilization between our 
LRFI and HRFI pigs is a combination of differences in MEm and partial efficiencies 
for protein (kP) and lipid deposition (kL). Barea et al. (2010) reported differences in 
heat production and Sadler et al. (2011) and Young et al. (2011) observed 
differences in feeding patterns and physical activity. The results from these studies 
may indicate a potential difference in MEm between the LRFI and HRFI pigs. In 
addition, Boddicker et al. (2011) and the current study have both shown differences 
in carcass and body composition and the current study also shows differences in 
protein accretion between the LRFI and HRFI lines (Figure 3.1). Differences in 
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composition and accretion coupled with differences in energy intake may lead to a 
difference in partial efficiencies for which protein and lipid is deposited. Overall, a 
combination differences in both MEm and k between the LRFI and HRFI lines could 
potentially explain the increased efficiency of lean gain seen in LRFI pigs. 
In conclusion, these data show that body composition and tissue accretion 
rates, in particular protein, partially explain the genetic variation seen in finisher pigs 
divergently selected for low and high RFI. There is also reason to believe that 
energy expenditure as it relates to heat expenditure, metabolic organ weights, 
protein metabolism, and other post-absorptive metabolic functions may be key in 
explaining the superior feed efficiency seen in pigs selected for LRFI and should be 
further investigated. The LRFI pigs have proven to consume less energy for 
maintenance and growth while maintaining rates of growth similar to their higher RFI 
counterparts. 
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Table 3.1. Ingredients and chemical composition of the diet (as-fed basis) 
Parameter  
Ingredient ---%--- 
   Corn  63.51 
   Soybean meal 14.30 
   DDGS  20.00 
   Vitamin-Mineral Premix1    1.90 
   Lysine    0.28 
Calculated and Analyzed chemical composition, % 
   Crude Protein   17.21 
   Ash     4.34 
   Ether extract     5.58 
   Phosphorus, Total      0.73 
   ME, Mcal/kg     3.31 
   SID Lys     0.82 
   SID Met     0.27 
   SID TSAA2     0.52 
   SID Thr     0.50 
1 Supplied per kilogram of diet: vitamin A, 8364 IU; vitamin D3, 1533 IU; vitamin E, 45 IU; 
vitamin K, 2.2 IU; choline, 6.5 mg; riboflavin, 4.2 mg; niacin, 21 mg; pantothenic acid, 17 mg; 
vitamin B-12, 28 mcg; biotin, 1.6 mcg; folic acid, 0.0005 mg; Zn, 112 ppm as zinc sulfate 
and zinc oxide; Mn, 54 ppm as manganous oxide; Fe, 145 ppm as ferrous carbonate and 
ferrous sulfate; Cu, 20 ppm as copper chloride; I, 0.76 ppm as ethylenediamine 
dihydriodide; Se, 0.25 ppm as sodium selenite. 
2 TSAA = total sulfur amino acids 
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Table 3.2. Growth performance data of n = 12 gilts per line per slaughter group. The initial slaughter group was 
approximately 20 wk of age when euthanized; the final slaughter group was approximately 26 wk of age. 
 
 
 
 
 
 
 
 
 
1Low residual feed intake (LRFI) selection line (n=12 gilts per slaughter group) 
2High residual feed intake (HRFI) selection line (n=12 gilts per slaughter group) 
3Calculated residual feed intake index   
4Performance data collected over a 3 wk period prior to slaughter 
5Performance data collected over a 9 wk period prior to slaughter 
* Values are LS means ± SE 
 
 
  
Item 
Initial  Slaughter Group4 Final Slaughter Group5 
LRFI1* HRFI2* SEM P-value LRFI1* HRFI2* SEM P-value 
Live weight (kg) 65.1 66.6 2.69 0.59 94.0 94.6 4.98 0.90 
ADFI (kg/d)   1.32   1.51 0.150 0.22   1.83   2.06 0.133 0.10 
ADG (kg/d)   0.69   0.70 0.028 0.74   0.73   0.75 0.032 0.67 
G:F   0.46   0.43 0.019 0.12   0.40   0.37 0.011 0.032 
Backfat (mm) 12.70 14.68 0.678 0.008 13.61 16.50 0.736 0.0007 
Loin eye area (cm2) 28.36 26.49 1.604 0.26 43.95 41.12 1.826 0.13 
RFI Index3 (kg/d)   0.69   0.72 0.216 0.91   0.50   0.78 0.130 0.05 
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Table 3.3. Body composition and viscera and carcass weights for the initial 
slaughter group, n = 12 gilts per line. Approximately 20 wk of age when euthanized 
Item LRFI* HRFI* SE P-value 
Live weight (kg) 65.1 66.6    2.69 0.59 
HCW3 (kg) 48.8 50.7    2.78 0.50 
Empty body weight1 (kg) 61.5 63.6    3.03 0.50 
Body Fraction, kg     
  Head 4.61 4.42 0.134 0.19 
  Blood       2.5 2.7 0.13 0.36 
  Stomach1   0.43 0.39 0.019  0.07 
  Kidney    0.25 0.27 0.013  0.11 
  Heart    0.27 0.29 0.017 0.45 
  Liver 1.15 1.21 0.036  0.17 
  Lungs    0.54 0.56 0.034 0.77 
  Large Intestine1 1.07 1.17 0.144 0.49 
  Small Intestine1  1.55 1.46 0.104 0.36 
  Spleen    0.11 0.13 0.016 0.15 
  Total Viscera1  5.38 5.47 0.220 0.70 
  Viscera:Wt1    9.24    8.95  0.688 0.67 
Body composition (%)     
  Water 65.38 63.28 0.800    0.016 
  Crude Protein   18.37  18.05  0.395    0.43 
  Fat   12.21 15.45 0.930    0.002 
  Ash     3.22 3.07 0.112    0.19 
  Gross Energy, cal/g 6369 6736  84.3    0.0003 
  Fat:Protein, %/%    0.67    0.86  0.060    0.005 
  Water:Protein, %/%    3.56    3.52  0.074    0.59 
  Ash:Protein, %/%    0.17    0.17  0.007    0.55 
1Without gut fill 
2 LRFI = low residual feed intake, n = 12; HRFI = high residual feed intake, n = 12 
3 HCW includes the head 
* Values are LS means ± SE 
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Table 3.4. Body composition and viscera and carcass weights for the final slaughter 
group, n = 12 gilts per line. Approximately 26 wk of age when euthanized 
Item LRFI* HRFI* SE P-value 
Live weight (kg)    94.0     94.6  4.98 0.90 
HCW3 (kg)    76.3     76.0  4.23 0.95 
Empty body weight1 (kg)    92.1     92.1  4.83 1.00 
Body Fraction, kg     
  Head 6.21 5.87   0.162    0.048 
  Blood  2.78 3.12   0.213  0.13 
  Stomach1  0.57 0.57   0.032  0.87 
  Kidney  0.31 0.33 0.014  0.24 
  Heart  0.37 0.38 0.025  0.82 
  Liver  1.35 1.35 0.049  0.89 
  Lungs  0.70 0.72 0.044  0.58 
  Large Intestine1  1.09 1.16 0.089  0.45 
  Small Intestine1  1.72 1.85 0.119  0.29 
  Spleen  0.13 0.15 0.013  0.15 
  Total Viscera1  6.22 6.49 0.151  0.09 
  Viscera:Wt1    7.14     7.48   0.19  0.09 
Body composition (%)     
  Water 61.39 58.24 0.934    0.003 
  Crude Protein   18.57   17.71 0.453    0.07 
  Fat  17.20 20.68 1.353    0.018 
  Ash     3.36 3.01 0.138    0.019 
  Gross Energy, cal/g 6646 7072   105.7    0.0006 
  Fat:Protein, %/%    0.94     1.19   0.087    0.009 
  Water:Protein, %/%    3.33     3.32   0.069    0.90 
  Ash:Protein, %/%    0.18     0.17   0.010    0.34 
1 Without gut fill. 
2 LRFI = low residual feed intake, n = 12; HRFI = high residual feed intake, n = 12. 
3 HCW includes the head 
* Values are LS means ± SE 
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Figure 3.1. The effects of divergent selection for low (LRFI) and high (HRFI) residual 
feed intake on whole body tissue and energy accretion in finisher gilts. Protein 
accretion (A), bone ash accretion (B), fat accretion (C), water accretion (D) and 
energy retention (E) were estimated using ISG and FSG in littermate paired gilts 
selected for each line. n=12 gilts per line per slaughter group. 
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Table 3.5.  Pearson correlations of growth and performance parameters and protein, fat, and ash accretion rates in 
final slaughter group gilts (n=24 pigs/approximately 26 wk of age). 
 ADFI 
(kg/d) 
ADG 
(kg/d) 
Gain:Feed RFI1,2 Protein 
Accretion 
(g/d) 
Fat 
Accretion 
(g/d) 
Ash 
Accretion 
(g/d) 
Water 
Accretion 
(g/d) 
ADFI (kg/d)   1.000    -0.159 
   0.46 
  -0.135 
  0.53 
  -0.010 
  0.96 
     -0.225 
      0.29 
  -0.062 
  0.77 
-0.456 
  0.025 
  -0.085 
  0.69 
ADG (kg/d)       1.000     0.310 
  0.14 
  -0.122 
  0.57 
  0.468 
  0.021 
    0.394 
    0.057 
  0.505 
  0.012 
   0.616 
   0.001 
Gain:Feed       1.000   -0.958 
   <0.0001 
  0.583 
  0.003 
    0.174 
  0.42 
  0.449 
  0.028 
   0.560 
   0.004 
RFI1,2       1.000      -0.464 
  0.023 
   -0.090 
   0.68 
 -0.321 
0.13 
  -0.426 
   0.038 
Protein 
Accretion (g/d) 
      1.000      0.137 
   0.52 
  0.315 
0.13 
   0.829 
  <0.0001 
Fat Accretion 
(g/d) 
          1.000   0.232 
0.28 
   0.114 
  0.60 
Ash Accretion 
(g/d) 
         1.000    0.407 
   0.049 
1RFI = residual feed intake  
2RFI calculation: adfi-β1(ontest wt deviation)+β2(offtest wt deviation)+β3(metabolic mid-wt)+β4(adg)+β5(offtest backfat) 
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 Table 3.6. Metabolizable energy utilization in Yorkshire gilts, n=12 gilts per line. 
Final slaughter group approximately 26 wk of age. 
1 LRFI = low residual feed intake gilts, n=12. 
2 HRFI = low residual feed intake gilts, n=12. 
3 MEi = ME * ADFI (Oresanya, 2005) 
4 MEm = 197 kcal * mean body weight
0.6 (NRC, 2012) 
5 MEg = MEi – MEm (Oresanya, 2005) 
6 Mcal of ME/kg of wt gain = MEg / ADG (Oresanya, 2005) 
7 Lipid:Protein = the ratio of daily lipid gain to daily protein gain. 
8 protein or lipid accretion rates * 10.03 or 11.7 kcal ME/g, respectively (Patience, 2012). 
9 protein or lipid accretion rates * 5.54 or 9.34 kcal/g, respectively (Patience, 2012) 
10protein or lipid accretion rates / MEg (Oresanya, 2005) 
Item LRFI1 HRFI2 SEM P-value 
ME (Mcal/d)     
    Intake3    8.04    9.14   0.533 0.051 
    Maintenance4    2.64    2.63   0.081 0.92 
    Gain5    5.40    6.51   0.506 0.039 
Mcal of MEg/kg of wt gain
6    7.89    9.58   0.802 0.047 
Lipid:Protein, g/g7     1.57     2.33   0.384 0.06 
Estimated Energetic Cost     
    Protein deposition8, Mcal/d of MEi     1.43     1.25   0.098 0.09 
    Lipid deposition8, Mcal/d of MEi     2.50     3.02     0.700 0.46 
Estimated Retained Energy     
    Protein9, Mcal/d     0.79     0.69   0.054 0.08 
    Lipid9, Mcal/d     1.99     2.42   0.559 0.46 
MEg Utilization     
    g of protein/Mcal of MEg
10   31.75   25.44   2.356 0.014 
    g of lipid/Mcal of MEg
10   49.28   48.80 11.674 0.97 
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Chapter 4.  General Discussion 
  
Feed efficiency (FE) has become a major focus of the swine industry, not only 
from a profitability standpoint, but also to create a more competitive and sustainable 
food production system. The world’s population is approximately 6 billion and 
growing, while our land and fuel resources are becoming more limited. Thus, 
improving FE would help feed our growing population while using less land and feed 
resources, leaving a smaller carbon footprint, and maintaining profitability for the 
producers. While FE has been researched extensively in pigs and other livestock 
species, the physiological and molecular mechanisms defining swine FE is less well 
defined. 
 The research presented in this dissertation used gilts divergently selected for 
residual feed intake (RFI) as a model to study FE in pigs. Residual feed intake is a 
unique alternative to the traditional measures of FE and accounts for more than just 
the production traits of growth, backfat, and ADFI. The Iowa State University (ISU) 
RFI selection project uses Yorkshire pigs, selected for both high and low RFI, to 
study the response to genetic selection for RFI at both the physiological and genetic 
levels. Additionally, this resource population allows reseachers to address any 
potential side effects caused by selection for RFI (i.e. meat quality, dietary factors, 
growth rates). 
 Biological factors contributing to the variation in FE, and in particular RFI, 
have been previously defined in beef cattle (Richardson and Herd, 2004), but have 
only been partially defined in pigs (Barea et al., 2010; Boddicker et al., 2011; Smith 
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et al., 2011; Young et al., 2011). In beef cattle, Richardson and Herd (2004) 
estimated that physical activity, feed intake patterns and behavior, body 
composition, nutrient digestibility, protein turnover, tissue metabolism and stress, 
heat increment of feeding, and maintenance requirements explain the variation in FE 
seen between beef cattle divergent in RFI. 
 Differences in heat production and maintenance energy utilization are thought 
to be a major component that explains FE variation. Barea et al. (2010), Boddicker 
et al. (2010) and partially herein supports this motion in pigs. This may be directly 
related to lower visceral organ weights, physical activity, feed intake and growth in 
pigs selected for low RFI. Metabolism and oxidative stress may also have an impact 
on RFI and FE variation. Grubbs et al. (2012) reported lower levels of reactive 
oxygen species in low RFI gilts from the IUS selection project. This could be 
interpreted as the more FE pigs having a greater efficiency for ATP production and 
energy utilization. Feed intake patterns and behavior differences have also been 
defined by Young et al. (2011) in the ISU RFI lines. This author observed decreased 
feed intake, time spent feeding and feeding frequency in the low RFI pigs. This 
decrease in feeding frequency may also be directly related to a decrease in energy 
expenditure, energy for maintenance, and heat production.  
In this thesis (Chapter 3) and supporting previously described work by 
Boddicker et al. (2011), differences in body composition between our RFI lines were 
observed. Compared to the high RFI line, the low RFI pigs had lower total body fat 
and greater whole body protein accretion. This greater lean composition and 
accretion may be partially explained be their lower feed intake and greater nutrient 
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digestibility and energy utilization, as shown in Chapter 2. Lower protein turnover 
rates and greater nitrogen retention may also explain this difference (Chapter 2). 
Interestingly, in these same pigs, mechanistically this may be explained by 
attenuated μ- and m- calpain and ubiquitin-proteasome activities related to protein 
degradation pathways in our low RFI gilts (Cruzen et al. unpublished). 
While all of these biological factors combined indicate a potential for greater 
FE (Figure 4.1), there are still many physiological and molecular mechanisms that 
are ill-defined. It will be necessary to establish if there are differences in energy 
utilization for maintenance and growth in terms of protein and lipid deposition 
between these two divergently selected lines. Chapter 3 of this dissertation 
estimated greater protein deposition, cost of protein deposition, and estimated 
retained protein in the low RFI gilts, with less ME available for growth than the high 
RFI gilts. This indicates that the low RFI gilts may be utilizing ME intake more 
efficiently for protein deposition compared to the high RFI gilts. These data also 
suggests that there may differences in energy utilization for maintenance and total 
growth that warrants further investigation.  
The findings of this dissertation research will help to provide a greater 
understanding of the physiology defining FE in pigs and other livestock species. 
Producers can create new management strategies that will allow a more efficient 
and sustainable livestock production system. A better understanding of the 
physiology behind FE could change how producers make selections for breeding, 
such as incorporating RFI, to improve overall production efficiency. A decrease in 
herd feed intake while maintaining or improving the amount of lean carcass per pig 
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would ultimately allow producers to increase profitability as well as increasing the 
amount of pork available to consumers.  
The increase in lean growth and nitrogen retention, which are positively 
correlated with FE gains, could allow producers to incorporate new technologies into 
swine production. Metabolic modifiers such as porcine somatotropin (pST), 
ractopamine or betaine are examples currently used around the world that could 
benefit swine FE. Porcine somatotropin is secreted from the anterior pituitary and is 
known to improve ADG, FE, and protein accretion while reducing fat deposition in 
pigs (Dunshea, 2012). An exogenous injection of porcine somatotropin would overall 
increase protein deposition by shifting how nutrients are partitioned and inducing 
insulin resistance in adipose tissue to reduce fat deposition (Dunshea, 2012). 
Ractopamine is an in-feed ingredient that is known to increase ADG, lean tissue 
deposition, and efficiency of lean gain in pigs by acting as a beta-adrenergic 
receptor agonist. While in some species ractopamine also increases lipolysis, it 
reportedly does not decrease backfat in pigs (Dunshea, 2012). Lastly, betaine has 
been shown to improve growth performance by decreasing the amount of energy 
needed for maintenance. When combined with either porcine somatotropin or 
ractopamine, betaine may be able to provide extra energy available for growth to 
improve growth performance and protein deposition (Dunshea, 2012). 
The effects seen by supplementing swine production with metabolic modifiers 
appear similar to the effects observed in this thesis from selecting for low RFI. In a 
commercial setting, producers could utilize pST, ractopmaine and betaine to 
produce pigs that are of similar FE and lean gain as what has been shown in the low 
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RFI pigs. As RFI pigs are known to be slower growing when compared to current 
commercial pigs, the use of these metabolic modifiers would allow producers to 
increase FE and protein deposition in commercial pigs while maintaining or even 
improving ADG. Overall metabolic modifiers, in addition to selection for low RFI, 
could possibly maximize a pig’s potential for lean accretion and efficiency of energy 
utilization while increasing the productivity and profitability of the production system.  
Researching the potential positive and negative effects of selecting for low 
RFI has a prospective impact of making the swine industry more environmentally 
friendly while feeding more people and maintaining producer profitability (Figure 
4.1). Future research could focus on the effects of pST, Ractopamine and betaine 
on pigs divergently selected for RFI and study any differences, or lack thereof, in 
protein and lipid deposition and growth performance parameters such as FE and 
ADG. As pigs selected for low RFI have already shown to have greater FE and 
protein deposition than those selected for high RFI, we would expect that using pST 
or ractopamine in combination with betaine would overall decrease the energy 
required for maintenance and increase ADG. However, metabolic modifiers could 
influenece meat quality (toughness and leanness) and a happy medium will need to 
be found. 
Future research should be directed towards understanding the energy 
maintenance requirements, and any differences therein, of pigs selected for either 
high and low RFI. As Barea et al. (2010) has shown a decrease in heat production 
and overall energy requirements for maintenance in low RFI pigs in the French 
National Institute for Agricultural Research (INRA) RFI selection project, a similar 
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study should be designed using respiratory chambers with pigs from the ISU RFI 
selection lines. As Chapter 3 alluded, low RFI gilts have an increase in utilization of 
energy for protein deposition and a lower energy intake than high RFI gilts. 
Calculating heat production and re-calculating the partial efficiencies of protein and 
lipid deposition is essential to better understand the energy required for maintenance 
in these two divergent lines. We would speculate that we would see heat production 
results similar to what has previously been reported by INRA and a greater efficiency 
for protein deposition in the low RFI pigs. Overall we would hypothesize that the low 
RFI pigs would have decreased maintenance energy requirements compared to the 
high RFI pigs. 
Further research into differences in appetite and feed intake control and this 
effect on body composition and energy utilization is also warranted. This can be 
accomplished by studying neuroendocrine and the hypothalamus and pituitary axis. 
Feeding frequency effects may result in an increase in leptin and growth hormone 
concentrations and a decrease in insulin concentrations, with an overall increase in 
blood glucose. This phenotype may largely be observed in our low RFI pigs that eat 
less frequently and ultimately have a lower ADFI than high RFI pigs. This may also 
indicate a difference in hormonal regulation of feed intake and satiety between the 
divergent RFI lines; therefore, we would expect to see an increase in cholecystokinin 
(CCK) and a decrease in ghrelin secretions in the low RFI pigs. CCK is known to 
signal for satiety, while ghrelin indicates hunger. This combination of hormonal 
signaling would cause an overall decrease in feed intake as well as cause an 
increase in chondrocyte proliferation, osteoblast activity, lean growth and lipolysis.  
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Figure 4.1. Physiology underlying the low residual feed intake phenotype. Red-labeled text indicates physiology that 
has been proven by this thesis. 
 ↓ heat production 
 ↓ ion pump activity 
 ↓ physical activity 
 ↓ visceral organ weights 
 ↓ stress/immune 
response 
↓ ADFI ↑ nutrient 
digestibility 
↑ lean 
deposition 
↓ protein turnover 
↓ fat 
composition 
body composition ↑ bone 
deposition 
↑ protein synthesis 
↓ protein degradation 
↓ oxidative stress 
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Short Research Paper 
 
Improved nutrient digestibility and retention partially explains feed efficiency 
gains in pigs selected for low residual feed intake4 
 
A. J. Harris, J. F. Patience, S. M. Lonergan, J. C. M. Dekkers, and N. K. Gabler5 
Department of Animal Science, Iowa State University, Ames, IA 50011 
 
Paper accepted by the 12th International Symposium on the Digestive Physiology of the Pig 
and to be printed in JAS 
 
ABSTRACT: Residual feed intake (RFI) is a unique measure of feed efficiency (FE) 
and an alternative to traditional measures. The RFI is defined as the difference 
between the actual feed intake of a pig and its expected feed intake based on a 
given amount of growth and backfat. Therefore, selecting pigs with a low RFI, results 
in a more feed efficient animal for a given rate of growth. Our objective was to 
determine the extent to which apparent total tract digestibility (ATTD) of nutrients 
and energy utilization and retention may explain FE differences between pigs 
divergently selected for low or high RFI. After 7 generations of selection, 12 high RFI 
                                                          
4
 This research was supported by the Iowa Pork Producers Association and the Agriculture 
and Food Research Initiative Competitive Grant 2010-65206-20670 from the USDA National 
Institute of Food and Agriculture. 
5
 Corresponding author: ngabler@iastate.edu 
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(HRFI) and 12 low RFI (LRFI) pigs (62 ± 3 kg BW) were randomly assigned to 
metabolism crates. Pigs had free access to a standard diet based on corn and 
soybean meal containing 0.4% TiO2, an exogenous digestibility marker. After a 7 d 
acclimation, total urine and feces were collected for 72 h. Nutrient and energy 
digestibility, P digestibility, and N balance were then measured and calculated to 
determine differences between the RFI lines. As expected, ADFI was lower (P < 
0.01; 2.0 vs. 2.6 kg), ADG did not differ, and FE was higher in the LRFI (P < 0.001) 
compared to the HRFI pigs. The digestibility values for DM (87.3 vs. 85.9%), N (88.3 
vs. 86.1%), and GE (86.9 vs. 85.4%) were higher (P ≤ 0.003) in the LRFI vs. HRFI 
pigs, respectively. The DE (16.59 vs. 16.32 MJ/kg DM) and ME (15.98 vs. 15.72 
MJ/kg DM) values were also greater (P < 0.001) in LRFI pigs. When correcting for 
ADFI, P digestibility did not differ between the lines. However, the LRFI pigs tended 
to have improved N retention (P = 0.08) compared to HRFI pigs (36.9 vs. 32.1 g/d). 
In conclusion, the higher energy and nutrient digestibility, utilization, and retention 
may partially explain the superior FE seen in pigs selected for LRFI. 
Key words: feed efficiency, nutrient digestibility, pig, residual feed intake 
 
Introduction 
Improving feed efficiency (FE) is a major objective in swine production due to 
the rising costs of feed and the need to enhance overall production efficiency and 
profitability. Genetic selection to reduce residual feed intake (RFI) is 1 way that 
producers can improve FE in their livestock (Koch et al., 1963; Cai et al., 2008a). 
However, the main biological factors that contribute to differences in RFI have only 
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been partially quantified in poultry (Luiting, 1990), pigs (Barea et al., 2010), and beef 
cattle (Herd and Arthur, 2009). These key factors include physical activity, feed 
intake patterns and behavior, stress, body composition, nutrient digestibility, protein 
turnover, and metabolism. According to Herd and Arthur (2009), nutrient digestibility 
in beef cattle may account for 10% of the variation associated with RFI index. 
Interestingly, Barea et al. (2010) found that efficiency of digestibility was not affected 
by selection for low RFI in Large White pigs. Therefore, our objective was to 
determine the extent to which nutrient digestibility and energy utilization explain FE 
differences in Yorkshire finisher pigs divergently selected for low RFI (LRFI) or high 
RFI (HRFI). We hypothesized that pigs selected for LRFI would have increased 
nutrient digestibility and retention, in particular for N, relative to the HRFI line. 
 
Materials and Methods 
All animal procedures were approved by the Animal Care and Use Committee of 
Iowa State University (ISU). Twelve high RFI and 12 low RFI pigs from the 7th 
generation of the ISU RFI selection project, matched by age and live weight (62 ±3 
kg BW), were selected and placed into randomly assigned individual metabolism 
crates. Backfat and loin eye area were measured using ultrasound. Pigs had free 
access to a standard diet based on corn and soybean meal containing 0.4% TiO2 
(an exogenous digestibility marker) that was formulated to meet or exceed the 
nutrient requirements for this size of pig (NRC, 1998a). The analyzed chemical 
composition of the diet was 17.21% CP, 4.34% ash, 5.58% ether extract (EE), 
0.73% P, and 17.38 kJ/kg GE. Pigs had free access to water and were fed this diet 
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for 3 wk. Thereafter, total urine and feces were collected for 72 h and daily feed 
intake was recorded. Nutrient and energy digestibility and N and P balance were 
measured and calculated to determine differences between the RFI lines as 
previously described (Htoo et al., 2008). Data was analyzed using the Mixed 
procedure of SAS (Cary, NC). The N and P balance data were adjusted for a similar 
energy intake as a covariate. Differences were considered significant at P < 0.05 
and a tendency at 0.05 < P < 0.10. 
 
Results and Discussion 
In previous generations of pigs selected based on RFI, pigs from our LRFI 
line consistently have reduced carcass fat, consume less feed, and exhibit similar 
rates of gain to the HRFI line (Cai et al., 2008a; Boddicker et al., 2011a). As 
expected, our selection lines differed in ADFI (2.6 vs. 2.0 kg; P < 0.001, HRFI vs. 
LRFI, respectively), while maintaining similar ADG. Therefore, FE was 35% higher 
(P < 0.001) in LRFI compared to HRFI pigs (0.46 vs. 0.34, respectively).  
Digestion of nutrients and energy may explain a major portion of the genetic 
variation associated with FE and RFI in cattle (Herd and Arthur, 2009). In our study, 
divergent selection for RFI in pigs alters nutrient and energy digestibility and N and P 
balance (Table 1). We observed greater (P < 0.01) digestibility values for DM, N, and 
GE in our LRFI compared to the HRFI gilts. Additionally, there was a tendency (P = 
0.08) for ash digestibility to be lower in the LRFI verses the HRFI line. The EE and P 
digestibility values were not affected (P > 0.05) by line. The DE and ME values were 
also augmented in the LRFI pigs versus HRFI respectively (P < 0.001). Even when 
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adjusting for ADFI, the DE and ME values were still higher (P ≤ 0.05) in the LRFI 
line. Furthermore, the LRFI pigs also tended to have improved (P = 0.08) N retention 
compared to the HRFI after ADFI correction. Phosphorus retention was not affected 
by line. 
The effect of pig genotype on apparent total tract nutrient digestibility (ATTD) 
of nutrients and energy is widely reported in the literature, but normally not in the 
context of FE. Interestingly, our data are contradictory to those reported from a 
similar RFI pigs selection project (Barea et al., 2010). The pigs used in the similar 
RFI selection project were of similar weight, but selected for low and high RFI in a 
pure Large White line. Digestibility values for OM, DM, N, P, and energy and DE and 
ME values were not altered in the lines due to their divergent selection. However, 
Barea et al. (2010) reported that their HRFI line tended to have higher N intake and 
absorption and N and P retention vs. the LRFI line. Instead, our LRFI line tended to 
have higher N retention, after adjusting for ADFI, compared to our HRFI line without 
difference in P retention. 
Pigs with higher lean tissue accretion and FE may better utilize dietary 
nutrients and energy (Rivera-Ferre et al., 2006; Barea et al., 2011). Rivera-Ferre et 
al. (2006) suggested that the difference in N digestibility and retention is a result of 
the leaner, faster growing genotype pigs having a greater capacity for protein 
synthesis and deposition than indigenous-type breeds. Furthermore, these higher 
protein deposition genotypes are associated with a lower rate of digesta passage 
and greater nutrient and energy digestibility (Varel et al., 1988). Although we did not 
measure digesta passage rates in our RFI lines, it is possible that having an 
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increased activity of microflora and digestive enzymes in the gastrointestinal tract, 
coupled with a higher retention time in the hindgut may contribute to the increased 
nutrient digestibility and absorption. 
In conclusion, these data indicate that the variation in RFI reflects differences 
in nutrient digestibility and energy utilization. Thus, along with other post-absorptive 
metabolism differences, digestive function and capacity may partially explain FE 
gains by selecting for LRFI. These pigs utilize nutrients and energy more efficiently 
for metabolic functions and maintenance to support similar rates of growth. 
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Table A-1. Effects of divergent selection for residual feed intake (RFI) on nutrient 
and energy digestibility and nitrogen and phosphorus balance in gilts (62±3 kg BW) 
Item LRFI1 HRFI1 P-value 
Digestibility, %    
DM 87.3 ± 0.25 85.9 ± 0.25 < 0.001 
N 88.3 ± 0.47 86.1 ± 0.47 0.003 
P 65.0 ± 1.10 62.4 ± 1.10 0.12 
GE 86.9 ± 0.25 85.4 ± 0.25 < 0.001 
Ether extract 64.7 ± 0.57 64.2 ± 0.57 0.56 
Ash 65.7 ± 0.53 67.1 ± 0.53 0.08 
Energy values, MJ/kg of DM    
DE 16.59 ± 0.048 16.32 ± 0.048 < 0.001 
ME 15.98 ± 0.046 15.72 ± 0.046 < 0.001 
N balance, g/d2    
Intake 63.00 ± 0.001 63.00 ± 0.001 0.57 
Absorbed 55.40 ± 0.407 54.27 ± 0.407 0.12 
Retained 36.91 ± 1.533 32.12 ± 1.533 0.08 
P balance, g/d2    
Intake 16.62 ± 0.001 16.62 ± 0.001 0.30 
Absorbed 10.73 ± 0.289 10.38 ± 0.289  0.49 
Retained 9.43 ± 0.236 8.92 ± 0.236  0.21 
1LRFI = low residual feed intake, n = 12; HRFI = high residual feed intake, n = 12. 
2Adjusted for ADFI. 
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Abstracts 
 
1. Pearce, S.C., A.J. Harris, N.K. Gabler, and L.H. Baumgard. 2011. Effects of 
heat stress on Na+/K+ ATPase activity in growing pigs. J. Anim. Sci. 89: E-
Suppl 1: 596. 
Effects of heat stress on Na+/K+ATPase activity in growing pigs 
S. C. Pearce*, A. J. Harris, N. K. Gabler, and L. H. Baumgard 
Iowa State University, Ames. 
Na+/K+ATPase pumps are involved with cellular transport processes, osmotic 
balance and account for a substantial portion of whole body energy expenditure. 
However, how heat stress (HS) affects Na+/ K+ATPase activity in various tissues 
has not been studied in a porcine model. Crossbred gilts (n = 48; 35 ± 4 kg BW) 
were housed in constant climate controlled rooms in individual pens and exposed to 
1) thermal neutral (TN) conditions (20°C; 35–50% humidity) with ad libitum intake (n 
= 18), 2) HS conditions (35°C; 20–35% humidity) with ad libitum intake (n = 24) or 3) 
pair-fed (PF in TN conditions [PFTN], n = 6: to eliminate confounding effects of 
dissimilar feed intake [FI]). Pigs were sacrificed at 1, 3, or 7d of environmental 
exposure and jejunum, longissimus dorsi (LD), and liver samples were collected and 
analyzed for Na+/K+ATPase activity. HS pigs had an increase (P < 0.01) in body 
temperature (39.3 vs. 40.8°C), a doubling in respiration (54 vs.107 bpm) and an 
immediate decrease in FI (47%; P < 0.05) which continued through d7; by design 
PFTN controls FI mirrored the HS group. Over the 7d period, TN pigs had increased 
ADG compared with the HS pigs (1.14 vs 0.24 kg/d) while HS pigs lost 2.7 kg BW. 
Overall, compared with the TN pigs, HS pigs had increased LD Na+/ K+ ATPase 
activity (52%; P = 0.06). There was an environment by day interaction in jejunum 
Na+/K+ATPase activity as it was markedly increased (175%; P < 0.05) on d1, but 
returned to TN levels by d3. Liver Na+/K+ATPase activity was not different between 
the TN and HS pigs. However, PFTN pigs had decreased pump activity compared 
with the HS and TN pigs (30%; P = 0.06). Irrespective of environment, TN pigs 
tended to have tissue differences in Na+/K+ATPase activity (P = 0.08) as liver 
activity was lower (27%) compared with jejunum; LD was not different from either 
tissue. These data indicate HS induces tissue specific increases in Na+/K+pump 
activity and suggests that ion pump energy expenditure (and presumably total body 
energetic cost) increases during a thermal load and is more pronounced during 
acute HS. 
 
Key words: heat stress, energetics, Na+/K+ pump 
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2. S.C. Pearce, N.C. Upah, A. Harris, N.K. Gabler, J.W. Ross, R.P. Rhoads and 
L.H. Baumgard. Effects of heat stress on energetic metabolism in growing 
pigs FASEB J March 17, 2011 25:1052.5 
 
Effects of heat stress on energetic metabolism in growing pigs 
Sarah Christine Pearce1, Nathan C Upah1, Amanda Harris1, Nicholas K Gabler1, 
Jason W Ross1, Robert P Rhoads2 and Lance H Baumgard1 
1 Animal Science, Iowa State University, Ames, IA;2 Animal Science, University of 
Arizona, Tucson, AZ 
To delineate differences between heat stress (HS) and decreased feed intake on 
energetic metabolism we utilized crossbred gilts (n=48; 35±4 kg BW) which were 
housed in constant climate controlled rooms in individual pens and exposed to 1) 
thermal neutral (TN) conditions (20°C; 35–50% humidity) with ad libitum intake 
(n=18), 2) HS conditions (35°C; 20–35% humidity) with ad libitum intake (n=24) or 3) 
pair-fed (PF in TN conditions [PFTN], n=6: to eliminate confounding effects of 
dissimilar feed intake). Pigs were sacrificed at 1, 3, or 7d of environmental exposure. 
Pigs exposed to HS had an increase in rectal temperature (39.3 vs. 40.8°C). On d1, 
HS pigs had a 67% increase in plasma NEFA, but NEFA concentrations rapidly 
declined and did not differ from TN pigs on d3 or 7. PFTN pigs had a 157% increase 
in plasma NEFA on d7 compared to TN and HS counterparts. On d7, HS pigs had 
increased (86%) plasma insulin concentrations compared to PFTN pigs. 
Subcutaneous adipose tissue FAS activity tended (P<0.11) to be increased on d7 in 
HS compared to PFTN pigs but G3PDH activity did not differ between treatments. 
On d7, adipose tissue HSL gene expression tended to be decreased (P<0.11) in HS 
compared to PFTN pigs, but LPL mRNA abundance did not differ between 
treatments. Our data indicate HS markedly alters post-absorptive carbohydrate and 
lipid metabolism and many of these physiological changes are independent of 
reduced nutrient intake.  
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3. J.K. Grubbs, A. Fritchen, A. Harris, E. Huff-Lonergan, N.K. Gabler, S.M. 
Lonergan. Reactive oxygen species production in mitochondria of pigs 
selected for residual feed intake. Submitted to Experimental Biology Meeting 
2012. San Diego, CA. 
 
Reactive oxygen species production in mitochondria of pigs selected for 
residual feed intake 
Judson Kyle Grubbs, Aaron Fritchen, Amanda Harris, Elisabeth Huff-Lonergan, 
Nicholas K Gabler and Steven M Lonergan 
Animal Science, Iowa State University, Ames, IA 
Electron transport in the mitochondria is a primary source of reactive oxygen species 
(ROS). Excess production of ROS may lead to increased oxidative stress, 
decreasing nutrient utilization and efficiency. The purpose of this study was to 
compare mitochondrial ROS production in pigs (n = 7 per line) divergently selected 
for residual feed intake (RFI). Mitochondria were freshly isolated from liver by 
differential centrifugation. The production of H2O2 was determined by using 2, 7 -
Dichlorofluorescein diacetate. Glutamate or succinate was provided as an energy 
source for complex I and II respectively. Rotenone inhibited electron backflow when 
using succinate. No differences in H2O2 production between the lines were observed 
when using glutamate as an energy substrate. When succinate was added, H2O2 
production was decreased by 8% in low RFI pigs compared to their high RFI 
counterparts (46.7 vs. 34.3 nmol H2O2/mg protein/min ± 8.87). Other inhibitors of 
electron transport, 4,4,4-trifluoro-1- [2-thienyl]-1,3-butanedione, malonate, or the 
combination of these, yielded similar results (P<0.05). Altogether, these data 
indicate that less efficient, high RFI, pigs are more prone to hepatic intracellular 
oxidative stress. This may explain why low RFI pigs are more efficient at utilizing and 
partitioning nutrients for growth and metabolism. This research was supported by 
USDA-AFRI grant# 2010-65206-20670. 
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4. J.K. Grubbs, A.N. Fritchen, A.Harris, E. Huff-Lonergan, N.K. Gabler, S.M. 
Lonergan. Protein profile in mitochondria of pigs selected for residual feed 
intake. Submitted to Experimental Biology Meeting 2012. San Diego, CA. 
 
Protein profile in mitochondria of pigs selected for residual feed intake 
Judson Kyle Grubbs, Aaron Fritchen, Amanda Harris, Elisabeth Huff-Lonergan, 
Nicholas K Gabler and Steven M Lonergan 
Animal Science, Iowa State University, Ames, IA 
The efficiency nutrients utilization depends partially on mitochondrial efficiency and 
function. Additionally, mitochondria are a prime source of reactive oxygen species. 
The purpose of this study was to compare mitochondria protein profile in pigs (n = 11 
per line) divergently selected for feed efficiency (low or high residual feed intake, 
RFI). Mitochondria were freshly isolated from the longissimus dorsi muscle by 
differential centrifugation, leaving an enriched mitochondria pellet. The pellets were 
solubilized and 2D-Differential In Gel Electrophoresis, pH 3–10 11cm strips in the 
first dimension and 12.5 % acrylamide gels in the second dimension, were 
performed. Proteins were identified by electrospray mass spectrometry (ESI/MS). 
ERO1α was found to be increased in high RFI pigs (P = 0.073). ERO1α impacts 
mitochondria permeability transition pore through production of reactive oxygen 
species. SLC41a2, a Mg transporter, was increased (P = 0.13), possibly impacting 
superoxide dismutase conversion of superoxide to hydrogen peroxide. Cytochrome 
P450 4A11, a potential source of oxidative stress, was found to be increased (P = 
0.14) in high RFI pigs. These data tend to indicate less efficient, high RFI, pigs may 
be more prone to intracellular oxidative stress than low RFI pigs. This research was 
supported by USDA-AFRI grant# 2010-65206-20670.  
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5. V. Mani, S.C. Pearce, A.J. Harris, T.E. Weber, and N.K. Gabler. The effects 
of immune stressors on porcine intestinal epithelial cell integrity and 
inflammation. Submitted to Digestive Physiology of Pigs Symposium 2012, 
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Intestinal epithelial cells continually encounter luminal pathogens, immunogens and 
toxins. However, data regarding the effects of these substances on intestinal 
integrity and function in pigs are limited. Our study objective was to examine the 
effect of immunogens on barrier integrity and inflammation in IPEC-J2 cells. Cells 
were plated on 0.4 μm pore size collagen coated transwells, where they form a 
single confluent monolayer, polarize and form tight junctions (TJ). The transepithelial 
electrical resistance (TER) was measured to evaluate TJ formation and integrity 
along with FITC-Dextran (FD, 4 kDa) macromolecule permeability. When the cells 
attained peak TER, approximately 9 d post confluence, cells were treated with the 
immune agonists lipopolysaccharide (LPS, 10 μg/ml, E.coli 055:05), PolyI:C (PIC, 20 
μg/ml), zymosan (ZYM, 100 μg/ml) and deoxynivalenol (DON, 20 μm) on the luminal 
side, or with tumor necrosis factor α (TNFα) and interleukin 1β (IL1β) on the 
basolateral side for 48 h. The TER and FD permeability was assessed for 
membrane integrity. Interleukin 8 (IL-8) secreted into the media was measured as a 
marker of inflammation. After 48 h of DON or TNFα treatment, TER was significantly 
reduced compared to the non-challenged control (P < 0.05; 53 and 63%, 
respectively). The TER was not different from the control when cells were exposed 
to ZYM, PIC or IL1β. Further, FD permeability did not differ between the treatments. 
Compared to the control, media IL-8 concentrations were increased by TNFα and 
LPS (P < 0.05; 0.03, 2.68 and 0.96 ng/ml, respectively). Treatment with PIC and 
ZYM did not increase IL-8 secretion (P > 0.10; 0.61 and 0.31 ng/ml respectively). 
These data indicate that IPEC-J2 cells are particularly responsive to inflammation 
and barrier integrity modifications induced by DON, TNFα and LPS. However, barrier 
integrity appears to be maintained under most challenge conditions. 
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In recent years, much attention has been given to feed efficiency in livestock 
production due to the rising costs of feed and other inputs. However, compared with 
growth and development, our understanding of the molecular biology and physiology 
regulating feed efficiency (FE) in swine is relatively limited. Residual feed intake 
(RFI) is a unique way to measure FE computed as the difference between the 
amount of feed a pig actually consumes and what it is expected to consume, based 
on its rate of growth and backfat. Therefore, selecting pigs for lower RFI results in 
animals that require less feed for a given rate of growth. The main biological factors 
that contribute to differences in RFI may include physical activity, feed intake 
patterns and behavior, stress, nutrient digestibility and efficiency of utilization, 
composition of gain and metabolism. In other words, both the maintenance and 
growth components of nutrient and energy utilization may be involved. In particular, 
the contributions of protein turnover, mitochondrial leakage and ion pump activity 
(i.e., Na+, K+-ATPase) may provide the primary basis for divergence FE. Results 
from our lines of pigs that have been selected for high versus low RFI show that 
changes in body composition may help explain some of the variation observed in 
RFI divergence. Our data also suggests that a significant part of RFI variation may 
also be related to the level of protein turnover and degradation rates. These 
differences could be linked to mitochondrial function and oxidative stress in muscle 
and liver tissues. Furthermore, increased ion pump activity may contribute to 
reduced FE in pigs selected for high RFI, as maintaining high ion pump activity and 
membrane potentials are energetically expensive processes in metabolism. 
Altogether, this paper will discuss the molecular and physiological explanations for 
the observed phenotype in response for selection based on RFI. This project was 
supported by USDA-AFRI Competitive Grant #2010–65206–20670 and the Iowa 
Pork Producers Association. 
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The objective of this study was to evaluate the contribution of muscle protein 
turnover (degradation and synthesis) to the biological basis for genetic differences in 
finisher pigs selected for residual feed intake (RFI). RFI is defined as the difference 
between expected feed intake (for the individual pig’s achieved rate of gain and 
backfat depth) and the individual’s observed feed intake. We hypothesized that 
protein turnover would be reduced in low RFI pigs. Twelve low RFI (7th generation 
of selection for low RFI) and high RFI (2nd generation of selection for high RFI) gilts 
were paired by age and weight and fed a standard corn-soybean diet for 6 weeks. 
Pigs were euthanized, muscle and liver samples collected, and insulin signaling, 
protein synthesis, and protein degradation proteins were analyzed for expression 
and activities. Muscle from low RFI pigs had less μ- and m-calpain activities, greater 
calpastatin activity, and lower 20S proteasome activity compared to their high RFI 
counterparts (P<0.05). No differences in insulin signaling intermediates and 
translation initiation signaling proteins (mTOR pathway) were observed (P>0.05). 
These data indicate less protein degradation occurs in pigs selected for reduced RFI 
and may account for a significant portion of the increased efficiency observed these 
animals.  
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